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Abstract 
The complex structure and interactions between non-starch polysaccharides (cell walls) and 
macronutrients (starch, protein and lipid) within endosperm and cotyledon cells as well as in tissues 
of cereals and legumes have the potential to modulate the rate, site and extent of macronutrient 
digestion and absorption in humans. This PhD project elucidates the mechanisms by which food 
structure affects the enzymic hydrolysis and microbial fermentation of macronutrients in cereals 
and/or legumes at the molecular level (e.g. starch/protein) as well as at the cellular level (e.g. 
individual isolated cells) through investigations of: (1) component interactions in the hydrolysis of 
starch, protein and lipids using wheat flour as an example; (2) the effect of isolated intact cellular 
structures from cereals on hydrolysis of starch (3) the effect of  in vitro gastro-intestinal bio-
mechanical processing on the intactness of isolated legume cells (4) colonic fermentability of 
different micro-structural substrates from legumes. 
In vitro starch, protein and lipid digestion is used to define the interactions among macronutrients 
and the inter-dependence of individual macronutrients on enzymic hydrolysis processes. A series of 
hydrolysis experiments are conducted on wheat flour as well as on mixtures of gluten and starch 
granules. Gluten significantly slowed down starch hydrolysis due to α-amylase binding to the 
surface of gluten. Using specific enzyme inhibitors in wheat flour reduced macronutrient hydrolysis 
during pancreatic digestion and demonstrated that each macronutrient hindered the digestion of the 
other two. Salivary amylase and pepsin acting synergistically even at low pH (ca 3) caused starch 
pitting under in vitro gastric conditions and weakened starch-protein matrix - possible reasons for 
the higher pancreatin digestion in subsequent in vitro intestinal stages. 
The intact cellular matrices in wheat and sorghum hindered the hydrolysis of entrapped starch as 
observed from lower extent of digestion compared to deliberately broken cells or isolated starches. 
Microscopic observations coupled with fluorescence labelling of amylase, cell walls, and starch 
suggested a) wheat and sorghum cell walls are effective barriers to access of amylase, and b) both 
an extensive protein matrix (more specifically in sorghum) and non-catalytic binding of amylase on 
cell wall surfaces limited the amylolysis rate of starch within intact cells. 
Physical integrity of cell walls under gastro-intestinal conditions is studied using the dynamic in 
vitro rat stomach-duodenal (DIVRSD) model. For isolated intact cells from legumes, the extent of 
starch and protein hydrolysis at 120 min is lower than 5% as opposed to 50% for deliberately 
broken cells, suggesting cell walls survive mixing forces as well as providing an effective barrier to 
ingress of digestive enzymes. In addition, cell walls are also effective in restricting starch 
gelatinisation during cooking leading to reduced digestibility. The study suggests that the 
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preservation of intactness of plant cells, such as from legumes, could be a viable approach to 
achieve the targeted delivery of resistant starch to the colon. 
The role of food structure on in vitro fermentability and production of metabolites is studied using 
intact cells, mechanically broken cells, isolated starch and cell walls (CW) from low heat treated 
(LHT) and high heat treated (HHT) pea and mungbeans, employing batch incubation and an 
automated gas recording system with a pig faecal inoculum. The rate and extent of cumulative gas 
production, end-products, as well as enzymatic activities are found to be dependent on each of 
cellular integrity, botanical origin, and thermal treatment. The slow degradation of low heat treated 
intact cells similar to CW as opposed to faster fermentation of high heat treated fractions, 
demonstrated CW fermentation as rate limiting in LHT intact cells. With regards to total SCFA, 
both the isolated starch and CW fractions showed similar fermentation for all legume substrates, 
with small variations between low vs high heat treated peas. Enzyme activities in the medium 
showed two phases –an initial sharp rise to a peak followed by a slow drop. Amylase activity is 
highest for isolated starch, followed by intact cells, broken cells and the least for isolated CW, 
however, mungbean broken cells demonstrated lowest activity due to agglomeration of starch and 
protein in broken mungbean cells limiting accessibility for fermentation. Less variation in protease 
activities is observed for isolated starch/ CWs and intact/ broken cells from all legumes which could 
be due to the consistent availability of peptides in the fermentation medium as opposed to the 
proteins from the substrates.  
Overall, this study shows the importance of food structure in attenuating the rate and extent of 
macronutrient hydrolysis by both enzymes and microbiota, with clear relevance to factors operating 
during gastro-intestinal transit. It unravels the underlying aspects leading to greater functionality 
such as interactions in the natural food matrix, binding and barrier effects of cell walls, sufficient 
physical integrity of food matrix to survive gastrointestinal transit, and the delivery of higher 
amounts of resistant starch to the colon with desirable slow and steady fermentation kinetics. 
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CHAPTER 1 INTRODUCTION 
1.1 Background 
Cereals and legumes are important plant-based food crops in the human diet providing sources of 
protein, carbohydrates, dietary non-starch polysaccharides, vitamins and minerals (Mlyneková, 
Chrenková & Formelová 2014; Roy, Boye & Simpson 2010). Studies have shown that the regular 
consumption of whole grain foods and legumes in the diet is linked with lower risk of metabolic 
disorders like Type 2 Diabetes, obesity, coronary heart disease and colon cancer (Augustin et al. 
2016; Higgins 2011). The functional benefits of whole cereals and legumes has been attributed, at 
least in part, to the content and the fermentation of dietary non-starch polysaccharides and resistant 
starch in the colon by gut microbiota through production of short chain fatty acids e. g. butyrate 
(Rose et al. 2007). Thus, the health guidelines suggest the consumption of foods with intact 
structure such as whole grain cereals and legumes instead of processed flours. In cereals and 
legumes, food structure is mainly determined by a complex combination of cellular, inter- and intra-
cellular structures, which can be considered as the primary factors determining the rate, site and 
extent of digestion of macronutrients as well as absorption of micronutrients. The following levels 
of interaction are considered to play the most important roles, (i) interactions between the 
macronutrients, (ii) the intactness of matrices, and (iii) interactions of cell wall components with 
macronutrients. 
The study of the interactions of various components in foods is important in understanding the 
effect of food structure on nutrient bio-availability. Although, structural aspects of interactions 
between starch and protein and/or lipid in cereal grains has been studied for understanding their role 
in functionality and quality (Annor et al. 2013; Fardet et al. 1998; Jenkins et al. 1987), the enzymic 
susceptibility associated with binary or ternary interactions is still not well understood.  
Apart from interactions among the macromolecules, a mechanism that could potentially be 
successful is restricted digestion in cereals and legumes through physical entrapment within an 
intact plant tissue structure, as the human upper gastro-intestinal (GI) tract lacks the enzymes to 
hydrolyse cell wall components (Dhital et al. 2016). A number of in vitro (Grundy et al. 2015; 
Mandalari et al. 2008; Zhang et al. 2016; Roman et al. 2017) as well as in vivo (Noah et al. 1998; 
Tovar, Björck & Asp 1992; Tydeman et al. 2010) studies have demonstrated that intact cellular 
structures in cereals, legumes and nuts provides a barrier to ingress of digestive enzymes inside the 
cells for hydrolysis of macronutrients. However, these studies are done on food tissues involving 
clusters of cells. Greater understanding of relevant mechanisms could be gained through the 
isolation of individual cells with a minimum of physical and chemical treatment, avoiding 
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detectable damage to the cells. Whilst cell isolation using mild acid and alkali treatments has been 
reported (Kugimiya 1990), complications like potential changes in cell wall permeability or protein 
solubilisation effects from the use of such additional reagents is a drawback. Significant variation 
exists in the cell wall composition of legumes, cereals and tubers, with the legume cotyledon having 
almost five times more cell wall material compared to others (Burton & Fincher 2014; Burton, 
Gidley & Fincher 2010; Cui & Wang 2009; Shiga, Lajolo & Filisetti 2003). The relative thickness 
of endosperm cell walls facilitates intact cell isolation from legumes using just water as a medium, 
for studies on digestibility of starch entrapped inside the cell walls (Dhital et al. 2016). However, 
information on isolation of intact cells from cereals as well as the integrity of isolated cells from 
cereals and legumes under the conditions likely to be experienced in the digestive tract is not 
available.   
Addressing the physical integrity of isolated cells when passed through the gastrointestinal tract is 
important. The health benefits from colonic fermentation is possible only when the isolated cells 
survive the mixing conditions in GI tract and reach the colon where enclosed nutrients and cell 
walls can be the energy source for gut microbiota (Macfarlane & Macfarlane 2012). Conversely, 
cells broken down in the stomach and intestine by mechanical forces allow the ingress of enzymes 
thereby increasing glycaemic load (Fardet 2015; Golay et al. 1986; Mishra & Monro 2012). Though 
a few in vivo studies in legume food digestion have shown survival of legume cells in the digestive 
tract of rats and humans (Noah et al. 1998; Tovar, Björck & Asp 1992), the behaviour of isolated 
intact cells in the stomach and small intestine is still unclear. The difficulties are aggravated due to 
the dynamic environment and complexity of the human digestive system (Gerritsen et al. 2011; 
Williams et al. 2015) which cannot be mimicked completely under in vitro conditions.  
Monitoring fermentation kinetics within the human gut is also difficult, however it is important 
when the fate of ingested food from digestive physiology to gut microbiology is considered. A wide 
range of techniques, from batch in vitro (Hummel et al. 2006; Rymer et al. 2005; Wang et al. 2016) 
to semi-continuous or continuous fermentation models (Tanner et al. 2014), inoculated with faeces 
have been described, that predict the impact of diet on the composition and functionality of the gut 
microbiota (Williams et al. 2016). Both human and animal (e.g. pig) inocula have been used for 
such studies with their relative merits and demerits. Humans are genetically diverse, consume 
different diets and are also exposed to many environmental factors, which directly or indirectly 
impact the intestinal bacterial population. Pigs, on the other hand, can be fed a controlled diet and 
exposed to similar habitual conditions, which is believed to circumvent the limitations in humans 
(Zhang et al. 2013). Likewise, it has also been reported that the pig is the most reliable animal 
model to study SCFA production and gut physiology in man (Fleming and Arce 1986). Although 
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the fermentation of dietary carbohydrates (Karppinen et al. 2000; Yao, Muir & Gibson 2016), 
proteins (Macfarlane & Macfarlane 2012; Yao, Muir & Gibson 2016) or lipids (Strader & Woods 
2005) has been well described, knowledge on fermentability of isolated intact structures enclosing 
macronutrients and raw vs cooked structures (e.g. gelatinised vs partially gelatinised starch) is still 
in its infancy. As rate, site and extent of fermentation depends on substrate type (Salvador et al. 
1993), it would be interesting to explore the measurable effects of different substrate forms on 
colonic microbial activity.  
1.2 Hypotheses 
The general hypotheses tested in this research work are: 
1. Enzymic susceptibility of individual macronutrients in a heterogeneous system (wheat 
flour) is affected by interactions among the components (Chapter 4). 
2. Salivary amylase and pepsin play synergistic roles in macronutrient hydrolysis (Chapter 
4). 
3. Intact cellular structure in cereals and legumes attenuates in vitro starch digestion 
(Chapter 5, 6). 
4. Isolated legume cells possess sufficient mechanical strength to survive the mixing 
regime in a model for the stomach and small intestine (Chapter 6). 
5. Amylase activity is hindered by non-specific binding on non-catalytic substrates 
including cell wall components (Chapter 4, 5, 6). 
6. Physical entrapment of fermentable substrates in intact legume cells slows down in vitro 
fermentation (Chapter 7). 
1.3 Studies and objectives 
1.3.1 Study I - Interactions among macronutrients in wheat flour determine their enzymic 
susceptibility (Chapter 4) 
 
Objective 1: To investigate the effect of one intact macronutrient on the rate and extent of 
pancreatin hydrolysis of other macronutrients. 
Objective 2: To investigate the interactions of digestive enzymes with non-substrate 
macronutrients. 
Objective 3: To study the synergistic effect of different gastric pH and salivary amylase 
concentrations on starch and protein hydrolysis. 
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1.3.2 Study II - Intact cellular structure in cereal endosperm limits starch digestion in vitro (Chapter 
5) 
 
Objective 1: To isolate intact cells from cereals, viz. wheat and sorghum. 
Objective 2: To study the hydrolysis of starch entrapped inside the intact cells walls. 
Objective 3: To investigate the mechanisms that regulate starch bio-accessibility in cereals. 
 
1.3.3 Study III - Digestion of isolated legume cells in a stomach-duodenum model: three 
mechanisms limit starch and protein hydrolysis (Chapter 6) 
 
Objective 1: To study the hydrolysis of starch and protein in isolated legume cells in a rat 
stomach duodenum model. 
Objective 2: To optimise the mixing regimes in in vitro models by correlating with data 
from rat stomach duodenum model. 
Objective 3: To investigate the mechanisms behind limited enzymic digestion of starch and 
proteins encapsulated in a plant matrix. 
 
1.3.4 Study IV - In vitro fermentation of legumes with porcine faeces (Chapter 7) 
 
Objective 1: To elucidate the effect of structural variation in legume substrates on 
production of metabolites during in vitro fermentation using pig faeces. 
Objective 2: To investigate the substrate microstructural changes during in vitro 
fermentation. 
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CHAPTER 2 LITERATURE REVIEW 
2.1 Plant food structure 
Food is a complex entity composed of macronutrients (carbohydrates, proteins, and lipids), 
micronutrients (minerals, vitamins, enzymes, phytochemicals etc) and water (Singh & Gallier 2014; 
Zúñiga & Troncoso 2012). The spatial arrangement of these constituents and their interactions 
develop the structure of foods (Heertje 2014) varying from homogenous liquid to complex 
multiphase solids (Teagasc 2014) and are defined at different levels, from molecular, micro, to 
macro levels. The combination of different levels of structure in fact develops the textural 
properties of foods (Aguilera 2005) that influence the digestibility (Mishra, Hardacre & Monro 
2012) as well as bioavailability of nutrients (Singh & Gallier 2014). 
In simplistic terms, food structure in cereals, tubers and legumes is mainly determined by 
intracellular interaction of starch, protein and lipids entrapped within the cell wall matrices. Thus, 
three factors; (i) the intactness of matrices, (ii) interactions between the macronutrients and (iii) 
interactions of cell wall components with macronutrients, primarily regulate the rate, site and extent 
of digestion of macronutrients as well as absorption of micronutrients (Gidley 2013). The following 
sections will mainly focus on these three limiting factors that affect the enzymic hydrolysis of 
macronutrients both in vivo and in vitro.  
2.2 Starch, a major food component  
Starch, one of the most important glycaemic carbohydrates in the human diet is derived mainly 
from cereals, roots and tubers. It is a glucose polymer composed of mostly linear amylose and 
highly branched amylopectin molecules with minor amount of (generally below 5%) non-glucose 
components such as proteins, lipids and minerals (Galliard 1987). The structure of starch has been 
defined with respect to complex hierarchical structure from molecular to granular levels. At the 
molecular level, starch consists of amylose, amylopectin and minor components like 0.5 to 2% 
(w/w) non-carbohydrate materials, including 0.05 to 0.5 % proteins, 0.1 to 1.7 % lipids, and 0.1 to 
0.3 % mineral matters (Galliard 1987). Supramolecular structure which is the result of dense 
packing of amylose and amylopectin molecules give rise to partially crystalline starch granules 
(Buléon et al. 1998) and the granule structure of starch is controlled by botanical origin. Variation 
occurs in granule size (~1-100 µm in diameter), shape (round, lenticular, polygonal), size 
distribution (unimodal or bimodal), and association (simple or compound granules) (Tester, 
Karkalas & Qi 2004). The structural hierarchy is lost when granules are cooked or processed and 
not only affects the specific physicochemical properties but also reduce enzymatic hydrolysis of 
starch (Debet & Gidley 2006; Guraya, Kadan & Champagne 1997; Holm et al. 1983).  
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2.3 Protein structure 
In cereals and legumes, protein is the second most abundant component after starch, with levels or 
around 10% in cereals and 15-45% in legumes. Similar to starch granules, proteins also show 
different levels of structural organization. They consist of a primary structure denoting the sequence 
of amino acids including location of disulphide bonds. This primary structure undergoes another 
level of organization known as secondary structure describing the regular local conformations of the 
polypeptide backbone. The tertiary structure relates to the overall three-dimensional folding of the 
protein, and the quaternary structure emphasizes the level of structure of protein complexes that 
may arise from the association of identical or heterogeneous polypeptide chains (Li-Chan & 
Lacroix 2018). 
Similar to starch, during processing such as cooking, the structure of proteins undergo a series of 
changes, cumulatively known as denaturation. Denaturation basically alters the natural 
conformations as well as biochemical and functional properties of protein including the nutritional 
value. It is known that denaturation results in improved digestibility of legumes by thermal 
denaturation of protease inhibitors as well as by increasing the enzyme accessibility (Damodaran 
2008; Zúñiga & Troncoso 2012). According to Troncoso & Aguilera (2009), denaturation affects 
protein susceptibility to pepsin and trypsin/chymotrypsin mixture during digestion. 
2.4 Lipids structure 
Besides starch and proteins, lipids are the other important macronutrient. In general, lipids in 
cereals and legumes include mostly triacylglycerols (TAG), with some fatty acids and alcohols and 
phospholipids. Michalski et al. (2013) summarized dietary lipid structure from molecular to food 
matrix scale as intramolecular, supramolecular and microscopic, and its relationship with fatty acid 
bioavailability and lipid metabolism. The intramolecular structure of TAGs refers to the position of 
fatty acid chains on the glycerol backbone, supramolecular structure relates to crystallization or 
binding with different lipid classes and microscopic structure corresponds to organization of lipids 
in food products. Lipids are a minor component of wheat (2-2.5% dry weight) and show variation in 
amount and composition between cultivars and millstreams.  The lipid reserves are stored as oil 
bodies in scutellum, aleurone and endosperm and comprise triacylglycerols, free fatty acids, 
glycolipids and phospholipids. The lipids display large structural diversity and interactions with 
starch and gluten and hence can have significant impacts on flour and end-product functionality 
(Gonzalez-Thuillier et al. 2015; Morrison 1994). 
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2.5 Macronutrient interactions in plant foods  
The study on interactions of various components in foods can provide a new insight on the role of 
food structure on bio-availability. Structural aspects of interactions between starch-protein and/or 
lipid in cereal grains have been reported elsewhere (Annor et al. 2013; Bafklow, Slmmonds & Vesk 
1973; Dahle 1971; Eliasson & Tjerneld 1990; Fardet et al. 1998; Jenkins et al. 1987; Kulp & Lorenz 
1981; Lelievre et al. 1987; Lindahl & Eliasson 1986; Lowy, Sargeant & Schofield 1981; Sandstedt 
1961; Seguchi 1986a; Seguchi 1986b; Simmonds, Barlow & Wrigley 1973). However, the enzymic 
susceptibility of binary or ternary interactions is not well understood, which is critical for measuring 
the hydrolysis of major macronutrients both in vivo and in vitro (Parada & Santos 2016). 
2.5.1 Starch-protein interaction 
The structural aspects (interactions between starch and protein) in foods has been discussed 
previously (Annor et al. 2013; Dahle 1971; Eliasson & Tjerneld 1990; Fardet et al. 1998; Jenkins et 
al. 1987; Kulp & Lorenz 1981; Lelievre et al. 1987; Lindahl & Eliasson 1986; Lowy, Sargeant & 
Schofield 1981; Sandstedt 1961; Seguchi 1986a; Simmonds, Barlow & Wrigley 1973). Compared 
to structural aspects of interactions, the effect of interaction on enzymic hydrolysis of each 
component is still not well studied. Jenkins et al. (1987) highlighted the importance of starch-
protein interaction in wheat flour suggesting that such interaction can reduce the glycemic response, 
e.g. from consumption of bread. This can be due to the starch-protein matrix as suggested by Annor 
et al. (2013). Similarly, Fardet et al. (1998) also demonstrated that the protein network in pasta and 
lasagne entrapped the starch forming a starch-protein matrix that limited the hydrolysis.  
2.5.2 Starch-lipid interaction 
Starch-lipid interactions, particularly complexes between amylose and lipids, have been reported to 
reduce the rate and extent of starch hydrolysis in vitro and in vivo (Ai, Hasjim & Jane 2013; Hasjim 
et al. 2010; Zhang, Dhital & Gidley 2015). Cui & Oates (1999) concluded the formation of 
amylose-lipid complex reduced digestibility of native and freshly gelatinised sago starch. Different 
forms of amylose-lipid complexes and their mechanism of formation in relation to enzyme 
susceptibility have been recently summarized (Zhang, Dhital & Gidley 2015).  
2.5.3 Protein-lipid interaction 
Protein-lipid interactions either occurring naturally or during food processing can affect the 
functional, physicochemical and organoleptic properties of foods as well as the organization of a 
large number of biological structures in living cells and tissues (Alzagtat & Alli 2002; Farnum, 
Stanley & Gray 1976; House 1978). Protein-lipid complexes of plant origin like in wheat grains and 
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legumes (e.g soybeans) are held by proteinaceous networks where both polar and non-polar lipids 
are dispersed (Alzagtat & Alli 2002; Ohtsuru et al. 1976). Such complex is formed when free fatty 
acids interact with basic amino acid residues of the protein on the surface of the phospholipid layer 
(Murphy & Cummins 1989; Tzen et al. 1993) via several types of bonding. Such bonding include 
hydrogen bonding, electrostatic bonding, covalent bonding, hydrophobic or van der Waals bonding, 
either singly or in combination, which makes protein-lipid complexes less susceptible to 
dissociation, even by changes in pH, ionic strength or ultra-centrifugal force fields, as summarized 
by (House 1978). Very scarce literature is available relating protein-lipid interaction on 
macronutrient hydrolysis. 
2.5.4 Ternary (starch-protein-lipid) interaction 
Plant-based foods are matrices primarily consisting of starch, proteins and lipids. The interactions 
between these three components (ternary interactions) may thus be important in terms of nutritional 
functionality as well as interactions among two components (binary interactions). However, the 
current knowledge on this complex interactions and its effect on the enzymic susceptibility of 
individual component is vary scarce (Parada & Santos 2016). Previously, Oates (1997) had reported 
the presence of protein and lipids on starch granule surface reduced enzyme adsorption, binding and 
accessibility thereby influencing starch hydrolysis. Zhang & Hamaker (2003) first gave insights on 
the importance of ternary interactions in relation to the functionality and quality of foods by 
demonstrating that the amount and molecular structure of FFA affects the three-way interaction 
pattern as well as production of a cooling stage viscosity peak. Only recently, Annor et al. (2013) 
studied the effect of starch-protein-lipid interactions on in vitro starch hydrolysis of millet and 
suggested that among three components, lipids can play a major role in reducing the enzyme 
susceptibility of starches. However, the experiment slightly deviates from the natural system as it 
employed a fractionation method whereas Fardet (2015) highlighted food as a structured matrix and 
suggested that fractionation-recombination processes would not represent a natural matrix.  
2.6 Starch digestibility  
In the context of food digestion, a suite of enzymes (amylases, proteases, and lipases) act on 
carbohydrate, protein, and lipids present within ingested food materials to convert them into low 
molecular weight absorbable sugars, amino acids and fatty acids. The rates and extents of these 
conversions are increasingly seen as being important aspects of the nutritional value of foods and 
diets. From the nutritional point of view, (Englyst, Kingman & Cummings 1992) classified the 
starch-based in time taken for intestinal digestion as rapidly digestible starch (RDS), slowly 
digestible starch (SDS), and resistant starch (RS) (Englyst, Kingman & Cummings 1992). RDS and 
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SDS were arbitrarily defined as the fraction of total starch hydrolysed after incubation with an 
excess of pancreatic amylase and fungal amyloglucosidase at 37 °C for 20 minutes and a further 
100 minutes, respectively (Dhital et al. 2017). According to the nature of enzyme resistance and 
starch structure, RS is divided into four types (Table 2.1).  
Table 2.1. Starch fraction classification 
Starch type Examples Digestion rate in small intestine 
Rapidly digestible starch 
(RDS) 
Freshly cooked starch, white 
bread 
Rapid, ∼30 min peak blood 
glucose 
Slowly digestible starch 
(SDS) Most raw cereal starches Slow but complete 
Resistant starch (RS) 
  1. Physically inaccessible 
(RS1) Whole grains, legumes and pasta Resistant 
2. Resistant starch granule 
(RS2) 
Uncooked potato and green 
banana starch Resistant 
3. Retrograded starch (RS3) Cooled cooked potato Resistant 
4. Chemically modified 
starch (RS4) Many types (e.g. cross-linking) 
Slow to resistant (depending on 
the modification types) 
Food digestion and absorption in the gastro-intestinal tract is influenced by many factors including 
gastric emptying, viscosity and enzyme inhibiting components such as polyphenols. When food is 
ingested, the starch component is first digested by α- amylase to α- limit dextrins and 
oligosaccharides which are then cleaved by brush border enzymes into glucose and absorbed at the 
luminal surface of enterocytes (Zhang & Hamaker 2009). According to Leloup, Colonna & Ring 
(1991), starch hydrolysis occurs at the solid-liquid interface and includes diffusion of enzyme into 
the hydrated solid food matrix, adsorption of enzyme to the substrate, and then hydrolytic cleavage. 
The details of the mechanisms determining rate and extent of starch hydrolysis by α-amylase has 
been reviewed recently (Dhital et al. 2017). 
2.7 Protein digestibility 
The digestion of protein starts in the stomach, where pepsin hydrolyses protein into various sized 
peptides and a few amino acids. The second phase of digestion is carried out by pancreatic enzymes 
including trypsin, chymotrypsin, elastase and carboxypeptidase to liberate small peptides and free 
amino acids into the gut. According to Savoie et al. (2005), protein hydrolysis is a complex 
phenomenon, and not merely a single irreversible enzymatic reaction responsible for splitting 
peptide bonds and liberating amino acids. This complexity in hydrolysis is due to the diverse origin 
and nature of food proteins, their incorporation in food matrices (cell walls, links with sugars, 
lipids) and their hydrolysis more or less simultaneously by a mixture of enzymes having either 
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narrow (trypsin) or broad (elastase, pepsin) specificity. Digestion results in two classes of 
compounds: free amino acids and low molecular weight peptides ready for absorption, and 
polypeptides of intermediate molecular weights between these and the original protein. The 
absorption rate of free amino acids is far greater compared to peptides in the jejunum than the 
ileum, whereas peptide transport is evenly distributed. High-affinity amino acids competitively 
inhibit the absorption of low-affinity amino acids. The kinetics of intermediate polypeptide 
production has been extensively studied and linked with their role in many biological processes, 
like bioactive peptides from casein digests; opioid activity bearing wheat gluten peptides; 
antioxidant soy peptides. In general, hydrolysis with specific enzymes, such as trypsin, pepsin or 
microbial proteases produces these peptides under controlled or severe hydrolysis conditions. 
However proteolysis in the gut by a mixture of enzymes in a sequential or simultaneous process, 
hydrolysis kinetics and the nature of reaction products are somewhat unpredictable (Savoie et al. 
2005).  
A group of brush border (BB) oligopeptidases, with varying specificities, is required to digest the 
oligopeptides. Of them, the largest group is BB N-terminal exopeptidases, having specificity for N-
terminal dipeptides and/or amino acids. A smaller group of BB exopeptidases specifically cleaves 
C-terminal dipeptides and C-terminal amino acids. A group of BB endopeptidases hydrolyzes small 
oligopeptides; while BB dipeptidases hydrolyze dipeptides to component amino acids. Furthermore, 
BB exopeptidases show specificity for either the C- or the N-terminal of oligopeptides and produce 
single amino acids or dipeptides, whilst endopeptidases hydrolyze nonterminal amino acids in 
oligopeptides of 30 or fewer amino acid residues (Hooton et al. 2015).  
Many researchers have proposed various in vitro methods to evaluate the protein digestibility 
through hydrolysis using pepsin alone, pepsin-pancreatin or pepsin-trypsin-chymotrypsin mixture. 
The in vitro protein digestibility has been found to be influenced by different conditions such as 
extraction/precipitation of proteins and processing from cereals and legumes. Likewise the chemical 
form of proteins and food structure has marked effects on in vitro protein digestibility. There is 
wide variation in the kinetics of protein hydrolysis with different protein sources (El Faki, 
Venkatarama & Desikachar 1984; Tinus et al. 2012). 
2.8 Lipid digestibility 
There is growing interest in understanding and controlling the digestibility of lipids within the 
human gastrointestinal (GI) tract (Li & McClements 2010). The lipolysis is a complex process 
influenced by many factors such as enzyme activities, physicochemical changes, emulsion stability 
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and surface area (Zhu et al. 2013), lipid microstructure and food matrix effects (Michalski et al. 
2013). The digestion of dietary lipid is initiated by lingual and gastric lipases in the stomach and is 
completed in the small intestine by pancreatic lipase (Sek et al. 2002; Wang et al. 2013). Lipolysis 
is a two-step process where a single fatty acid and diglyceride are released from a triglyceride in the 
first step and then hydrolysis of the diglyceride yields a second fatty acid and 2-monoglyceride in 
the final step. In vivo, slow isomerisation of 2-monoglyceride to 1-monoglyceride and then its 
subsequent hydrolysis to produce a third fatty acid and glycerol has been reported (Mattson & 
Volpenhein 1964). Lipids consumed from plant or animal sources are found in similar structures to 
those inside the human body, mainly as triglyceride particles coated with a solubilizing, stabilizing 
layer or multilayer of membrane phospholipids. In processed foods, lipids are typically incorporated 
within the food matrix in the form of emulsions (Singh, Ye & Horne 2009). Hence the focus is 
shifted to the design of food-grade delivery systems to encapsulate, protect, and release bioactive 
lipid components, with the aim of either improving their bioavailability or controlling their delivery 
(McClements & Li 2010).  
Manipulation of lipid-rich food structures through different processing conditions can have 
significant impact on digestion, absorption and bio-accessibility of lipids (Singh, Ye, Horne 2009). 
Grundy et al. (2015a) have demonstrated that, in the absence of any mechanical disruptive forces to cell 
walls, lipids encapsulated inside intact cell walls show inhibited lipolysis.  Furthermore, Grundy et al. 
(2015b) also demonstrated that roasting and particle size impacted lipid bioaccessibility. Using different 
processing conditions, Mandalari et al. 2008 performed in vitro gastric and duodenal digestion and 
concluded that higher lipid and protein digestion occurred in finely ground structures compared to 
natural, ground or defatted ground almonds. In another study, the metabolizable energy in whole natural 
almonds was found to be less compared to roasted or chopped almonds suggesting the effect of food 
structure and processing operations on digestion (Gebauer et al. 2016). Using hazelnuts, Capuano et al. 
(2018) demonstrated higher in vitro lipid digestion of oil bodies extracted from roasted particles as 
opposed to the raw ones. More recently, the effect of structure and particle size of almond meals in 
regulating lipid bioaccessibility in the gut has also been explored (Mandalari et al. 2018).  Ellis et 
al. (2004) investigated the role played by almond cell walls in lipid bio-accessibility in vivo and 
concluded that cell walls reduce lipid bio-accessibility by hindering the release of lipid available for 
digestion. Likewise, Grundy et al. (2015) confirmed that almond cell walls limited lipid digestibility 
by acting as a barrier to lipid digestive enzymes. 
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2.9 Mechanisms for enzyme actions 
Alpha amylase hydrolysis of starch granules is a heterogeneous reaction, which involves enzyme 
diffusion to the solid surface, followed by adsorption on the granule surface and finally initiation of 
degradation through hydrolysis of mobile glucan chains (Baldwin et al. 2015). Since the average 
size of starch granules (2-25 µm) is much larger than the size of amylase (ca 5 nm), the granule is 
expected to provide numerous potential adsorption sites for enzymes. Human pancreatic α-amylase 
possesses five binding sub-sites that span the active site where cleavage of the substrate occurs 
between subsites -1 and +1 (Brayer et al. 2000). In a recent review, Dhital et al. 2017 illustrated the 
diffusion of amylase and its catalytic patterns through model systems of maize and potato granular 
starches. Maize starch which possesses pores and channels provides easy access of enzymes inside 
the granules and hence the digestion pattern follows an ―inside out‖ pattern. However, in the case of 
potato starch which lacks pores and channels, the enzymes initiate the digestion from the surface 
and proceed towards the granule interior by ―exo pitting‖ following an ―outside in‖ pattern. Overall, 
the mechanisms involved in limiting amylase digestion rates of starches whether under in vitro or in 
vivo conditions as well as on solid or liquid phase can be classified into two groups: 
a. Physical barriers that retard ingress of or attachment of enzyme to starch; and  
b. Starch structural features that slow down or prevent enzyme action (in case when access 
is not limiting). 
Similarly, for the digestion of protein substrates (amide structure RCO-NHR') by a proteinase or 
peptidase, a three step mechanism has been described by Fruton (1976) which involves: (a) binding 
of the substrate at the active site; (b) cleavage of the amide bond; and (c) release of the products 
from the active site. Further, for the cleavage of peptide bonds, at least two carboxyl groups of the 
enzyme identified as Asp-32 (sensitive to epoxides) and Asp-215 (sensitive to diazo compounds) 
are directly involved in the mechanism of the bond breaking step. The rate-limiting step in the 
cleavage of peptide substrates by pepsin is associated with the transformation of the initial enzyme-
substrate complex and the specificity of binding is directly related to the efficiency of the bond-
breaking reaction. In case of the release of products, two mechanisms have been discussed: in the 
acyl-enzyme mechanism of the enzymatic cleavage of an amide bond, the formation of the acyl-
enzyme intermediate is accompanied by the rapid release of the amine product. In the amino-
enzyme mechanism, it is anticipated that the carboxylic product leaves the active site, leaving an 
amino-enzyme which reacts with an alternative carboxylic acid to form a trans-peptidation product. 
Lipases possess an intrinsic capacity to hydrolyse carboxyl ester bonds in tri-, di-, and 
monoacylglycerols and release carboxylic acids and alcohols with a lower number of ester bonds as 
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well as glycerol (Paiva et al. 2000). The mechanism of pancreatin lipase action has been 
summarised into two distinct phases (Chapus et al. 1976; Chapus & Semeriya 1976) as: a. 
interfacial activation, and b. catalytic action. The interfacial activation of lipases occurs when a 
lipase binds to a lipid interface upon contact of the enzyme with an ordered interface and is 
characterized by a sharp increase in lipolytic activity. Lipases possess two distinct sites: a. an 
esteratic catalytic site preformed in solution, where hydrolysis of soluble substrates occurs via an 
acyl enzyme mechanism in which a histidine residue and an acylated residue play important roles, 
and b. a topographically distinct site that is responsible for the specific interaction and activation by 
interfaces.  
2.10 Factors affecting enzyme activity 
Enzyme activity is affected by factors such as temperature, pH and enzyme concentration (Eed 
2012). Different enzymes have different optimum working pH values and temperature ranges. For 
example, enzymes active in the stomach and intestine typically have acidic and neutral pH optima 
respectively. Likewise, the enzyme activity gradually increases with temperature up to around 37ºC, 
or body temperature. Then, as the temperature continues to rise, the rate of reaction falls rapidly as 
enzymes is denatured at high temperature. For example, salivary α-amylase has a pH optimum at pH 
6.8 and hence its activity is generally limited to the mouth cavity and early gastric digestion. More 
examples of different enzymes and their optimum working conditions are detailed in a recent review 
(Minekus et al. 2014). With the change in the pH of a solution, the charged state of ionizable groups 
at the surface and/or contained within an enzyme changes. The resulting changes in charge are 
characterized by the protonation or deprotonation of residues within an enzyme and can lead to 
denaturation, non-denaturing structural changes, dissociation of oligomers, and/or changes in 
activity rate (Grahame et al. 2015). Likewise, temperature has an impact on the ability of an enzyme 
to accelerate a reaction. A slight increase in temperature can have marked consequences for the rate 
of the reaction. Practically, an increase in temperature has the effect of reducing the energy of 
activation by increasing the initial energy level (Grahame et al. 2015).  
2.11 Enzyme inhibitors for monitoring interactions 
The effect of binary and ternary structures on enzymic susceptibility of macronutrients can 
potentially be studied by inhibiting individual enzyme activities. The selective inhibition of 
enzymes that hydrolyse starch and lipids has been applied as a pharmaceutical approach to reduce 
their intestinal hydrolysis and absorption (Tucci, Boyland & Halford 2010). However, their effect 
on the hydrolysis of other macronutrients is not known. Thus, inhibition of individual enzymes 
present in the mixed enzyme secretion pancreatin can be an approach to study the complex food 
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system elucidating the role of intact food component on digestion of other hydrolysable 
components. It is now widely accepted that dietary interventions through whole foods, pertaining to 
their natural matrix or hydrocolloids, as an alternative to drugs, have potential implications on 
abating diet-related diseases (Bhopatkar, Hamaker & Campanella 2012; Fardet 2015; Gidley 2013). 
In this regard, use of amylase, protease and lipase inhibitors with the pancreatin enzyme mixture 
provides the possibility of preserving the natural matrix to monitor the effects of intact components 
on the rate and extent of digestion of other hydrolysable macronutrients. 
The available literature has outlined the use of acarbose (4 µM/mL) (Samulitis et al. 1986), protease 
inhibitor cocktail (10  L/mL) (Liu & Ehrlich 2008) and orlistat (10 µg/mL) (Hadvary, Lengsfeld & 
Wolfer 1988) for selective inhibition of amylase, protease and lipase enzymes for pharmaceutical 
purposes, but information on their use in real food systems is scarce. Acarbose, a 
pseudotetrasaccharide, is a competitive inhibitor of α-amylase and α-glucosidase, which prevents 
the transformation of disaccharides to monosaccharides and hence arrests the uptake of 
monosaccharides, resulting in reduced postprandial insulin and glucose levels (Samulitis et al. 1986; 
Tucci, Boyland & Halford 2010). Protease inhibitor cocktail is a broad-spectrum, highly potent and 
irreversible inhibitor of serine, cysteine and metalloproteases containing components like AEBSF, 
aprotinin, bestatin, E-64, leupeptin and pepstatin A which prevents degradation of peptides (Wei & 
Bobek 2005; Wolf et al. 2003). Orlistat, a hydrogenated derivative of lipstatin, is a potent and 
irreversible inhibitor of gastrointestinal lipases which avoids hydrolysis of fats into fatty acids and 
monoglycerides, increases their excretion and hence reduces absorption (Al-Suwailem et al. 2006; 
Lai, Ong & Rao 2014; Tiss et al. 2009; Tucci, Boyland & Halford 2010).   
2.12 Role of oral processing in food structure and digestion 
Food oral processing encompasses various operations, such as grip and first bite, chewing and 
mastication, transportation, bolus formation, and swallowing, which could occur either in sequences 
or sometimes simultaneously inside the oral cavity (Chen 2009). During these complex operations, 
foods are processed, manipulated and mixed with saliva, thus leading to structure formation or 
breakdown. Concerning the effects of oral processing on food structural design and sensory texture 
perception, review articles by Foster et al. (2011); Koç et al. (2013); Stokes et al. (2013) are 
recommended. The presence of amylase in saliva is believed to play an important role in the early 
hydrolysis of starch components, thus making the food bolus more prone to subsequent digestion in 
stomach and intestine (Pedersen et al. 2002; Chen 2009). Bornhorst et al. (2014) demonstrated that α-
amylase plays a significant role in rice bolus texture modification under in vitro conditions. The variation 
in rate and extent of starch hydrolysis in mouth has been reported and attributed to structural differences 
of solid foods. Whilst amylase interacts almost immediately with food after it is ingested, its 
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contribution to starch hydrolysis was believed to be relatively insignificant as it is inactivated in 
gastric pH (Chen 2009). However, Butterworth, Warren & Ellis (2011) highlighted that salivary 
amylase activity could be protected by starch and oligosaccharides against inactivation under gastric 
conditions and continue to act on starch in the duodenum. Fried, Abramson & Meyer (1987) and 
Skude & Ihse (1975) demonstrated that around 15% of starch hydrolysis in the duodenum was 
contributed by salivary amylase.  
2.13 Nutritional consequences from food structure 
Consumer awareness of relationships between diet and health is continuously growing (Palzer 
2009) due to increase of metabolic disorders such as obesity (Lundin, Golding & Wooster 2008), 
type 2 diabetes, cardiovascular diseases (Singh & Gallier 2014) as well as cancers, particularly of 
the digestive tract (Gidley 2013). More recently, the manipulation of food structure has been 
explored as an alternative nutritional approach towards the tackling of these metabolic disorders. 
The mechanisms include; a) reducing the calorific value of food, b) targeted delivery of 
macronutrients for digestion in the lower part of the small intestine and c) passage of 
macronutrients to the colon for bacterial fermentation. Thus the potential for food structural factors 
to play important roles in the digestive process and subsequent metabolic response is getting more 
attention (Lundin, Golding & Wooster 2008). 
Attention is further supported by the increased scientific evidence that foods and not individual 
nutrients are the fundamental unit of nutrition (Jacobs & Tapsell 2007). In line with this evidence, 
more research is being undertaken to develop novel foods that regulate calorie intake, provide 
increased satiety responses, provide controlled lipid digestion and/or deliver bioactive molecules 
(Singh & Sarkar 2011). On the other hand, common food processing techniques alter the physical 
and chemical properties of food influencing the release and uptake of nutrients from the food 
matrix. Thus, the study of food matrices and release of nutrients from the food matrix as well as the 
interactions between food components and restructuring phenomena during transit in the digestive 
system are becoming more important than the study of individual components of foods (Troncoso 
& Aguilera 2009). 
The interaction of foods with the human body is extremely complex and involves different 
physicochemical and physiological processes which depend on the composition, properties, and 
structure of the initial food, the characteristics of the individual consuming the food, as well as 
various other factors like time of consumption and previous food consumed (McClements, Decker 
& Park 2009). The natural food matrix may influence the release and absorption kinetics of some 
components in the digestive tract (Sensoy 2014). Nutrients can be bound to plant organelles such as 
carotenoids in carrots or entrapped in a complex macromolecular matrix of swollen starch granules 
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and protein such as isoflavones in baked products (Parada & Aguilera 2007). Food matrix, either 
natural or the one formed during processing, may affect the release of some food components in the 
digestive system. As an example, oils in nuts which have strong tissue structure may not be 
absorbed fully in the digestive tract. It is also known that increasing the oil content and destruction 
of the natural food matrix increases the absorption of carotene in the body (Vásquez-Caicedo et al. 
2007; Yonekura & Nagao 2007). 
Since the concept of resistant starch emerged around 30-40 years ago, information about starch and 
knowledge on using technological methods to increase the slowly digested and/or resistant starch 
fractions is available (Fardet 2015).  Briefly, when undigested starch from the small intestine 
reaches the colon, the resident microbiota ferment it to short chain fatty acids like butyrate, acetate 
and propionate having health beneficial properties (Fardet 2015; Gidley 2013; Kumar et al. 2012; 
Topping & Clifton 2001). Unlike starch, information on the concept of resistant protein and its 
consequences is scarce. Although there are some ambiguities on its beneficial aspects, recently 
much interest is focused on slow and fast proteins considering nutrition in a qualitative perspective 
as proposed by Fardet (2015).  Intact protein fermentation in the colon in the absence of 
carbohydrate fermentation may lead to production of toxic products and may promote colon cancer 
but some protein fermentation in conjugation with carbohydrate fermentation is probably desirable 
as they contribute in microbial biomass production. Starch fermentation can offset some 
consequences of protein fermentation (Gidley 2013; Le Leu et al. 2006) through production of 
SCFA. Likewise, the concept of resistant lipid and its role in enhancing satiety has been mentioned 
only recently (Fardet 2015). Enhanced satiety could be induced through direct introduction of lipids 
into the small intestine which triggers an ileal brake mechanism (Golding & Wooster 2010). 
2.14 In vitro food digestion models 
Several in vitro gastro-intestinal models have been developed in the past decades to mimic the 
physiological, physico-chemical and mechanical conditions as well as fluid dynamic behaviour  
occurring in vivo. These models have been widely used to investigate the availability of nutrients, 
and physical/chemical as well as structural changes in foods (Hur et al. 2011; Kong & Singh 2008). 
The two types of food digestion models generally used under simulated GI conditions are static and 
dynamic models. The static models offer advantages in providing reproducible results in less time 
and cost with relatively simple mixing process such as using a shaking bath (Muir & O'dea 1992) , 
magnetic stirrer (De Boever et al. 2001) or a head-over-heels mixer (Oomen et al. 2003). However, 
these models do not consider the different mixing patterns, dynamic fluid behaviour or mechanical 
forces encountered by food chyme when it is passed through the gastro-intestinal tract (Kong & 
Singh 2010). These limitations are addressed by dynamic models, which simulate physico-chemical 
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and physiological conditions as well as representing the geometrical and morphological details of 
real GI tracts (Chen, Jayemanne & Chen 2013; Moreno 2007; Wu et al. 2017). Some of the 
successful dynamic food digestion models are TNO‘s gastrointestinal model (TIM) (Blanquet et al. 
2004 and the human gastric simulator (HGS) (Kong & Singh 2010). More recently, Chen, 
Jayemanne & Chen (2013) developed a ―near real‖ in vitro dynamic model (DIVRSD) that not only 
resemble bio-chemical and physiological conditions found in the real (rat) digestive tract, but also 
possess their geometrical and morphological details. This model demonstrated correct trends for the 
digestion and gastric emptying properties of semi-solid food materials compared with results from 
in vivo studies and could be successfully used to study the integrity of food under simulated 
physiological and mechanical conditions (Wu et al. 2017). 
2.15 Grain milling and implications for functionality 
Grain milling (a fractionation process) is essentially a desired separation of bran-germ-flour 
fractions based on differences in particle size and flow in air characteristics which are largely 
influenced by grain hardness, biochemical factors (e.g. protein content), and distinct biomechanical 
properties of the grain layers and their tissue adhesive forces (Hourston et al. 2017). Depending 
upon the desired final output (flour, semolina, grits, flakes, or cell clusters), these properties can be 
manipulated through controlled conditioning, variations in roller mills (pitch and spiral of the 
corrugations, roll stand differential, and grinding action) or roll gap adjustment (Fang & Campbell 
2003; Li & Posner 1989). Correctly conditioned kernels enables the gradual reduction of the 
endosperm using a series of roller mills through setting the optimal roll gap that reduces the 
endosperm particle size while keeping a portion of the cell walls intact. The break system uses a 
series of corrugated rolls that opens up the kernel and removes any remaining bran in as large as 
possible pieces and minimized flour loss. The roll gaps are set as to minimize the particle size 
reduction of the endosperm. The sizing step uses a set of smooth rolls that reduce the size of the 
endosperm while flattening the remaining bran and germ (Posner & Hibbs 2005). This action acts as 
a purification step. The goal can be to produce a fine flour, but in this work will be to reduce the 
particle size of the endosperm to produce intact cell clusters. 
Evidence supporting the beneficial effects of whole grains in the diet is increasing (Aune et al. 
2016; McRae 2017; Rebello, Greenway & Finley 2014). This has shifted the attention of grain 
millers towards producing more whole flour as well as the food industries into supplying whole 
grain-based products to the market in order to meet consumer demand (Jones et al. 2015). However, 
some challenges and issues for whole grain milling (Doblado-Maldonado et al. 2012) and their use 
in manufactured foods (Schaffer-Lequart et al. 2017) have been recently reviewed. These issues 
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include the lack of a standardised method for producing whole flour as well as storage stability for 
end use and functionality. The majority of whole grain flour is produced by recombining 
millstreams at the mill (Jones et al. 2015). Whilst industrial whole grain flour often requires 
blending the bran or germ fractions to meet legal requirements, these components often pose 
problems in sensorial or functionality attributes (Doblado-Maldonado et al. 2012).  
The health benefits from the presence, as well as the fermentation of dietary non-starch 
polysaccharides (plant cell walls components and resistant starch) in the large intestine have been 
well described (Karppinen et al. 2000) and recently reviewed (Yao, Muir & Gibson 2016). The 
fermentation of resistant starch and cell wall components by colonic microbiota is known to 
produce beneficial metabolites such as short chain fatty acids (SCFA), mainly acetate, propionate, 
and butyrate (Rose et al. 2007). Moreover, fermentable carbohydrates have also been reported to be 
helpful in cholesterol reduction, colonic microbiota stabilisation, faecal bulking and water retention 
(Williams et al. 2016).  
Whilst the benefits of carbohydrate fermentation are well known, that of protein fermentation is still 
debatable (Windey, De Preter & Verbeke 2012; Yao, Muir & Gibson 2016). The fermentation of 
protein alongside with starch, however could provide amino acids to stimulate microbial biomass 
production (Yao, Muir & Gibson 2016), avoiding protein breakdown by bacteria into toxic end 
products (Macfarlane & Macfarlane 2012). 
The presence of undigested lipids in the ileum has been proposed to enhance satiety through 
triggering of the ileal brake mechanism in human and animal studies (Brown et al. 1993; RI & Read 
1984; Spiller et al. 1984; Strader & Woods 2005). In a study concerning the role of cell walls in 
lipid digestion, Ellis et al. (2004) showed that significant amounts of lipids were excreted in the 
faeces of human subjects consuming almonds. This was attributed to intact cell walls, even though 
many cells were ruptured and digested in the stomach and duodenum. With limited breakage of 
intact cells through GI tract transit, it is most likely that a higher proportion of cell walls reach the 
large intestine with the enclosed starch, proteins and lipids within the cells, to be a potential source 
of carbon/nitrogen for fermentation by colonic bacteria.  
It is very difficult to monitor fermentation within the human gut. Although animal testing is 
accepted as the most reliable technique to predict the impact of diet on the composition and 
functionality of the gut microbiota, ethical considerations and high costs mean this is not always a 
viable option (Tanner et al. 2014; Williams et al. 2016). The use of in vitro cumulative gas 
production techniques to examine the influence of rumen fermentation on microbial diversity using 
various substrates (especially feedstuffs) has been extensively studied (Hummel et al. 2006; Rymer 
et al. 2005; Wang et al. 2016). This method, employing a controlled microbial population (fixed 
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diet, multiple donors), to measure the cumulative production of  gas is an indicator of the kinetics of 
fermentation and has been used for quite some time, using a variety of mainly carbohydrate sources, 
including selected fruits and vegetables (Day et al 2012, Vong & Stewart, 2013). More recently, the 
fermentation characteristics of masticated mango and banana have also been explored (Low et al. 
2015). The advantages of using the in vitro techniques over in vivo methods include improved 
reproducibility, speed, and uniformity in fermentation conditions, maintained bacterial diversity and 
stability over time (Tanner et al. 2014). However, it should also be noted that in vitro methods 
cannot perfectly reproduce in vivo conditions. So far, several batch in vitro models (Jha & 
Berrocoso 2016; Jonathan et al. 2012; Lin et al. 2011) and a few semi-continuous or continuous 
intestinal fermentation models (Tanner et al. 2014) inoculated with faeces, have been described 
including their potential opportunities and challenges.  
The rate and extent of fermentation depends upon the substrate type (Salvador et al. 1993). For 
example, higher amounts of starch have been reported to mask the fermentability of the dietary non-
starch polysaccharides (Lebet, Arrigoni & Amado 1998). Variation in fermentability also exists 
within fibres from whole plant foods and those which have been isolated. (Knudsen, Johansen & 
Glitsø 1997) observed higher fermentability of soluble dietary non-starch polysaccharides such as 
β-glucans and soluble arabinoxylans by colonic microbiota compared to insoluble dietary non-
starch polysaccharides. One of the drawbacks with the batch method is that the production and 
absorption of SCFA occurs in the colon and is not represented in the batch method. This is also the 
reason why a false indication of the amount of SCFA produced in the colon is obtained when 
measured in faeces (Karppinen et al. 2000).  
The differences as well as similarities in human and animal faecal microbiota have been studied by 
Furet et al. (2009) using qPCR system. It has been reported that the bacterial groups- 
Bacteroides/Prevotella, Clostridium coccoides and Bifidobacterium of the human microbiota 
showed differential population levels in animal species like rabbits, goats, horses, pigs, sheep and 
cows. Whilst the Clostridium leptum group showed the lowest differences among human and 
animal species, human subdominant bacterial groups were highly variable in these animal species 
(Furet et al. 2009). In the present research, a pig faecal inoculum was used as not only do pig and 
human colon morphology appear similar, but there also exists similarities between several microbial 
species (Furet et al. 2009). Likewise, regarding the colonic fermentation differences, human inocula 
have been found to ferment resistant starch and fibres containing uronic acids, whereas pig 
inoculum is readily able to ferment cellulose (Jonathan et al. 2012). 
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2.16 Conclusions and perspectives 
This literature review has demonstrated the need for investigating the role played by food structure 
on enzymic hydrolysis of macronutrients. Since it is already established that higher amounts of 
undigested starch as well as dietary non-starch polysaccharides entering the colon have health 
beneficial effects, intactness and integrity of cell wall structure as a mechanistic approach needs to 
be addressed. Considering food as a complex system, the role of ternary interactions in foods to 
lower glycaemic response in the body needs further investigation. New approaches to preserving the 
natural matrix in foods and understanding the effect of both matrix and macronutrient interactions 
through in vitro and in vivo studies could enable the development of healthy food options suitable 
for human consumption.   
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CHAPTER 3 METHODOLOGY DEVELOPMENT 
This chapter describes the techniques and models used to unravel the role of plant food structure on 
enzymic susceptibility of macronutrients. Preservation of natural structure plays a crucial role in 
increasing the nutritional functionality of many human foods. Most plant foods consist of tissues 
that are made up of cellular structures encapsulating e.g. starch and proteins. The functionality of 
the food structure is derived from cellular structure as well as interaction of macronutrients at a 
molecular level. Thus in order to understand these interactions and encapsulation effects, we 
developed (a) an approach to study mutual interactions between food macronutrients and the 
digestive enzymes, (b) methods to isolate intact cellular structures from cereals and legumes, (c) a 
model system to address the integrity of isolated cells under bio-chemical and mechanical 
conditions relevant to the gastro-intestinal tract, and (d) methods to prepare various substrate forms 
(intact cells, broken cells, isolated starch or isolated cell walls) and monitor the production of 
metabolites from such substrates during fermentation using a pig faecal inoculum. 
Wheat flour, due to the absence of intact cell walls lacks the cellular level of interactions, and was 
chosen to monitor interactions at the molecular level (e.g. starch/proteins). Isolated cells from 
cereals and legumes were used for enzymic susceptibility studies at the cellular level. The following 
sections describe the details of different approaches developed to fulfill the research objectives: 
3.1 Macronutrients interactions  
Selective enzyme inhibition was used to study the effect of binary and ternary mixtures on enzymic 
susceptibility of macronutrients by inhibiting specific enzymes present in a mixed enzyme system 
(pancreatin). Amylase, protease and lipase inhibitors were used to inhibit the activity of specific 
enzymes present in pancreatin and the effect of one intact component on the rate and extent of other 
hydrolysable macronutrients was monitored. Different inhibitors viz, acarbose (4  M/mL) 
(Samulitis et al. 1986), protease inhibitor cocktail (10  L/mL) (Liu & Ehrlich 2008) and orlistat (10 
µg/mL) (Hadvary, Lengsfeld & Wolfer 1988) were used for selective inhibition of respectively 
amylase, protease and lipase. These inhibitors were prepared at concentrations as stated above and 
added to pancreatin, and incubated for 30 min to allow the inhibition of the relevant enzyme activity 
before undertaking simulated pancreatic digestion of wheat flour. Control samples were prepared 
without the addition of enzymes or inhibitors.  
The in vitro digestion mimicking the oral, gastric and intestinal phases (Dhital, Shrestha & Gidley 
2010b; Lamothe et al. 2014) for determination of hydrolysis rate and extent of starch, protein and 
lipids in wheat flour was employed under two protocols with and without using α-amylase and 
pepsin along with inhibition of selective enzymes (amylase, protease and lipase) present in the 
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mixed enzyme system, pancreatin. In both cases, 100 mg wheat flour was weighed in 50 mL falcon 
tubes and 1 mL of α-amylase (Sigma A3176) (0.5 U/mg starch) in carbonate buffer (pH 7 
containing 14.4 mM sodium hydrogen carbonate, 21.1 mM potassium chloride, 1.59 mM calcium 
chloride and 0.2 mM magnesium chloride) was added. The tubes were then incubated for 1 min at 
37 ˚C and 1 mL of 0.02 M HCl (pH 2-7) containing 1mg/mL pepsin (Sigma) (188 U/mg protein) 
was added with continuous stirring at 100 rpm. The gastric hydrolysis was terminated after 30 min 
in the first protocol using 1 mL of 0.02 M NaOH whereas no amylase or pepsin pre-treatment was 
done in the second protocol. The samples from the both digestion protocols then underwent 
simulated intestinal digestion. For this, 6 mL of acetate buffer (pH 6), 1 mL of pancreatin (Sigma P-
1750, 2 mg/mL) and 28 unit of AMG (E-AMGDF100, Megazyme) was added to initiate the 
digestion process. The mixture was then incubated at 37 ˚C with constant stirring at 100 rpm up to 
360 min with sub-sampling of 100 µL at 0, 3, 5, 10, 15, 20, 30, 45, 60, 90, 120, 240 and 360 min 
time intervals. A stirring speed of 100 rpm was chosen which was sufficient to uniformly mix the 
wheat flour together with the digestive fluid and avoid settling. The aliquot (100 µL) was 
immediately mixed with 300 µL 0.3M sodium carbonate to stop the enzyme activity. The glucose 
content in the supernatant was determined by using a glucose oxidase colorimetric analysis kit with 
detection at 505 nm (Pharmacia LKB-Ultrospec III, England). Protein content in the supernatant 
from simulated digestion phases was measured using a BCA kit (23225, Thermo Scientific) 
following the manufacturer protocol. Free fatty acid was determined following the manufacturer 
protocol (MAK044, Sigma-Technical Bulletin) with palmitic acid as standard.  
3.2 Isolation of intact cells from cereals and legumes 
3.2.1 Isolation of intact cells from cereals 
A combination of dry milling-sifting and wet sieving methods were used to successfully isolate 
individual intact cells from cereals (Fig. 3.1). HRW wheat (50 g at a time) was debranned using a 
laboratory barley pearler (Model 17810, Strong Scott, Webster, WI) for 3 min to remove most of 
the germ and bran fractions. The debranned wheat samples were then sifted by hand for about a 
minute on a 300 µm sieve to remove all the dust. Debranning value was calculated as the weight 
percentage of remaining wheat. The pearled sorghum as obtained from the supplier was free from 
bran as indicated by its clear white endosperm. 
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Fig. 3.1. Schematic diagram showing dry milling and wet sieving techniques for separation of intact 
wheat cells as well as preparation of other fractions. 
One kg each of debranned wheat/pearled sorghum grains were tempered to 13% moisture content 
(MC) from an initial 9% MC for about 16 h. For this, 46 g of tap water was added to the 
debranned/pearled kernels and tumbled for 15 min in a closed container to ensure adequate moisture 
distribution inside the endosperm. The grains were then kept in a sealed plastic container in the 
milling laboratory at 21-22 °C and 55-60% relative humidity (RH) respectively. 
A laboratory scale table top three Ross roller mill system (Ross, Oklahoma City, OK) was used to 
obtain different sized fractions. The details of the milling system have been described elsewhere 
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(Kim et al. 1995). For the current work, the exact experimental milling flow was not followed but 
the break steps and sifters were used. The feed rate into the mill was 500 g/min and the fractions 
were obtained from the break system (1
st
, 2
nd
, 3
rd
 and 4
th 
Break) coupled with sizing steps and then 
sifted. For the four break steps, a roll gap of 0.025, 0.012, 0.006 and 0.003 inch respectively were 
applied. Three sizing steps at the roll gap of 0.003 inch were applied. The ground material from 
each step was sieved through +1041, 700, 425, 240, 180 and 118 µm sized sieves. The different 
fractions collected from their respective sieves in each break and sizing step below 180 and 118 µm 
were then collected for further treatment. The overs from the 180 µm sieve from each break step 
was milled in the subsequent break and sizing steps. The roll gaps as described above were adjusted 
to maximize the amount of individual intact endosperm cells at a particle size below 180 µm. The 
milling was performed in duplicate. The yield was based on the percentage (db) of the flour (<180 
µm) obtained at the end of milling system to the grain entering the mill initially. Light microscopy 
was used to confirm the intact cellular structure in the collected fractions. About 200 g of material 
below 118 µm (fine flour, categorised under ―cereal fraction‖ hereafter) was separated, and stored 
in a dry place for further analyses. 
The fractions obtained through dry milling contained starch/proteins adhered to the outside of intact 
cellular structures as revealed by light microscopy. A wet sieving technique was further used to 
remove this starch and protein and isolate single intact endosperm cell walls. The fractions collected 
from the dry milling process were soaked in tap water at room temperature. The material was 
cleaned and further fractionated using sieves with various aperture openings, viz. 180, 150, 125, 53 
and 32 µm stacked together. More precisely, the two fractions (180-118, < 118 µm), 200 g each, 
obtained from the dry sifting process were placed inside separate 4L beakers and tap water (approx. 
4L) was added up to the rim. Due to the fragile nature of the cereal cell walls, gentle hand 
maceration was done, which was sufficient to form an homogenous solution and avoid settling of 
milled fractions. The solution was then sieved through the sieve stack and washed through a fine 
spray of water to clean off starch, protein and cell wall fragments. The subsequent removal of the 
topmost sieve followed by spray washing the bottom one was done for each sieve in the rack. 
Finally the fractions from 53-150 µm were collected. Light microscopy confirmed that the fractions 
collected in the 53-150 µm particle size range contained significant amounts of intact cells, with 
fewer broken cells and cell walls but practically free from individual starch granules and proteins. 
Most of the smaller sized single intact cells were captured from sieving of <118 µm fractions, 
whereas the larger elongated or round cells in wheat and vitreous or floury endospermic cells in 
sorghum- single or two cells joined together, were retrieved from 180-118 µm fractions. The two 
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collected fractions (25 g each) were mixed together for the representation of whole endospermic 
cells and preserved in 0.02% sodium azide solutions under refrigerated conditions for further use. 
3.2.2 Isolation of individual cells from legumes 
Four legumes seeds, chickpea (CP), pea (P), mung bean (MB) and red kidney bean (RKB) were 
procured from a local shop in Brisbane, QLD and used as such for isolation of cotyledon cells. Due 
to the fragile cotyledon structure, attempts to isolate cells in dry state directly without any pre-
treatment were not successful. Legumes were kept overnight in ice chilled water to swell and loosen 
the outer hulls whilst minimising in situ enzyme activity. Hulls were removed manually with gentle 
hand abrasion and subsequently washed in running cold water. The de-hulled legumes (300 g) were 
heated at either 60 °C or at 95 °C (hereafter named as 60 °C cells and 95 °C cells) for 1 hour in 
excess water (1000 mL) with gentle mixing (sufficient to keep the legume particles moving) using a 
magnetic stirrer bar in a 2L glass beaker. The heated legumes were gently mashed using a mortar 
and pestle to a paste consistency and separated with sieves as described by Grundy (2013). In brief, 
the two fractions (60 °C or 95 °C) 100 g each, after gentle mashing, were placed inside separate 5L 
beakers and tap water (approx. 3L) was added. The solution was then sieved through the sieves 
stacked together with apertures of   180, 150, 125, 53 and 32 µm and washed through a fine spray of 
water to clean off adhered starch and proteins as well as loosened cell wall fragments. Finally the 
fractions from 53-150 µm were collected and the light microscopy was used to confirm that these 
fractions contained the intact cells. Starch granules released during the mashing of 60 °C cells 
(hereafter named as 60 °C-isolated starch (IS)) were isolated according to the method of (Hasjim, Li 
& Dhital 2012). Both isolated cells and starch were preserved under refrigerated conditions in 
0.02% sodium azide solutions for in vitro digestion and in a 125 mL serum bottle with a daily 
flushing of carbon-dioxide for in vitro fermentation works. 
3.2.3 Preparation of broken cells   
In order to investigate the role of cell walls, intact cells were deliberately broken to obtain the 
broken cell fractions which were devoid of intact cell walls. The isolated intact cells were broken by 
applying a shear mixing force using magnetic stirrer bars. In general, fifty grams (wet basis) of 
isolated intact cells were mixed with 50 mL Milli-Q water (containing 0.02% sodium azide) at room 
temperature in a 200 mL glass container and stirred with 20 mm × 8 mm polytetrafluoroethylene 
(PTFE)-coated polygon magnetic stirrer bars at 1400 rpm for 6 h for cereals and overnight for 
legumes. A light microscope was used to confirm the complete breakage of cell wall structure.  
 
 
 26  
 
3.2.4 Preparation of starch fractions and cell wall components 
In order to obtain starch fractions from both cereals and legumes, the broken cells were allowed to 
settle in excess water in a 4 L beaker and sieved through a 32 μm sieve. The sedimented material 
that passed through the 32 µm sieve contained starch and trace amount of proteins released from the 
breakage of intact cells. In case of legumes which contained higher protein, the collected starch-rich 
fractions were further centrifuged (3000 × g for 5 min) and the creamy loose protein layer on the 
top of the white starch paste was removed manually by spatula. The starch-rich fractions was mixed 
again with water, centrifuged (3000 × g for 5 min) and the remaining protein was removed. The 
process was repeated four times for complete removal of proteins. For cell walls, the fractions 
retained on 32 µm sieve were hand mashed five times and sieved through running tap water to 
remove the adhered starch and proteins. Light microscopy was used to confirm the purity of starch 
fractions.  
All of these collected fractions were preserved under refrigerated conditions in 0.02% sodium azide 
solutions for in vitro digestion and in a 125 mL serum bottle with a daily flushing of carbon-dioxide 
for in vitro fermentation works. 
3.2.5 Dynamic in vitro rat stomach duodenum model 
The human gastro-intestinal tract is a dynamic and complex system, where food digestion, 
emptying and nutrient absorption occurs almost concurrently with different mixing and transport 
regimes (Kong & Singh 2010). Many static and dynamic models are available in the food digestion 
area. Due to the shortcomings in static models, these are being superseded by dynamic in vitro 
models such as dynamic gastric model (DGM) (Mercuri et al. 2011), human gastric simulator 
(HGM) (Kong & Singh 2010), etc. However, these models still ignore the geometric and 
morphological details of the real stomach or intestine that is believed to significantly affect 
digestive efficacy of food in the GI tract (Chen, Wu & Chen 2013). Considering this, a Dynamic In 
vitro Rat Stomach Duodenum (DIVRSD) model, that mimics the mechanical and biochemical 
conditions occurring in the rat stomach and duodenum is applied to study the physical integrity and 
well as hydrolysis of entrapped nutrients using isolated legume cells. This model is an upgraded 
version of the previous model, Dynamic In vitro Rat Stomach (DIVRS), which has shown similar 
digestive behaviours of casein powder and large raw rice particles to that of in vivo conditions (rats) 
(Chen, Wu & Chen 2013; Wu et al. 2014). 
The DIVRSD model is composed of four main compartments, i.e., a rat stomach device, a rat 
duodenum device, a secreting and emptying system and a temperature-controlled box (shown in 
Fig. 3.2). The whole system stands on a large aluminium base plate. The rat stomach device consists 
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of a soft elastic rat stomach model made up of silicone mold with the aid of an actual rat stomach. 
The main feature of the stomach is that its inner-surface are turned outwards similar to a real rat 
stomach with an approximate internal volume of 9.0 mL and occupying a box of around 4.0 cm, 3.0 
cm, and 2.5 cm. The peristaltic contractions force on the rat stomach wall is provided by an electric 
compression-rolling extrusion rig of the magnitude around 3.5 N. The procedures of making the soft 
rat stomach model and its geometric as well as mechanical parameters have been reported 
previously (Chen, Wu & Chen 2013; Wu et al. 2014). The electromechanical rig mainly consists of 
2 stepper motors, 3 rollers, 3 eccentric wheels, 2 bevel gears, a belt, a driving shaft, and an angled 
compression plate. There are two different motions generated by the electromechanical rig, namely 
vertical compression on the part of fore-stomach imposed by the compression plate and rolling 
extrusion toward from the glandular portion to pylorus produced by two eccentric wheels. The 
frequency of these movements is dependent on the speed of the stepper motors, which are 
connected with a frequency controller, with adjustable speed of 0 to 10 rpm. The contraction 
amplitudes of compression and rolling extrusion can be set by changing the position of the 
compression plate and the gap between the two eccentric wheels, respectively. During digestion 
trials, the vertical compression drives the food materials from the fore-stomach to the glandular 
portion (Fig. 3.3), while the rolling extrusion is accountable for breaking down large particles into 
small particulates as well as propelling the gastric contents from the glandular stomach into the 
pylorus and duodenum for further intestinal digestion. The gastric digesta is emptied through the 
―pressure pump‖ mechanism controlled by the opening size of a tapered tube (Fig. 3.3) where the 
pressure gradient between the stomach and duodenum model is the main driving force. These 
physiological details make the rat stomach device more similar to the in vivo system (Kong & Singh 
2008). 
Following the stomach section is the rat duodenum device, which consists of a silicon duodenum 
model comprising a 15 cm long silicone tube with an inner diameter of 3.0 mm, and a mechanical 
driving instrument for producing peristaltic contractions. The duodenum model (shown in Fig. 3.2) 
is linked with the pylorus through a T-shaped three-way union, whose other end is connected with a 
Y-shaped union for delivering the pancreatic and bile juice. The driving instrument primarily 
consists of 4 eccentric wheels, 2 bevel gears, 2 belts, 2 stepper motors and a pulley system which 
creates the segmentation rolling extrusion force on the duodenum. The rolling extrusion frequency 
is also dependent on the speed of stepper motors with adjustable speed of 0 to 60 rpm. The driving 
instrument produces peristaltic contractions and segmentations simultaneously, responsible for 
mixing the duodenal contents with pancreatin and bile juice, and also propelling the contents 
forward along the duodenum tube (Bornhorst et al. 2013). The contraction amplitude and force of 
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rolling extrusion can be varied by adjusting the gap between the fixed pulley and eccentric wheel 
which is fixed to around 3.5 N for present study.  
The next important installation is the secreting system  made up of three syringe pumps (TJP-
3A/w0109-1B, Baoding Longer Precision Pump Inc., China), (shown in Fig. 3.3) which 
continuously delivers the artificial gastric juice into the rat stomach through the four secretion tubes 
and the pancreatic and bile juice into the duodenum through soft tubes connected with a Y-shaped 
union. The flow rate of the syringe pumps can be adjusted between 0.000 and 10.000 mL/min. The 
flow rate into the stomach region was varied from 10-40 µL/min while it was fixed to 30 µL/min 
into the duodenal region. The temperature-controlled box, which represents the final component of 
rat model system, made of acrylic plates is created to maintain the constant inner temperature 
around 37 
o
C. A thermocouple connected with an intelligent temperature controller is used to 
maintain the constant temperature inside the DIVRSD model system.  
 
Fig. 3.2. Installation diagram of the dynamic in vitro rat stomach-duodenum (DIVRSD) model. (1) 
soft-elastic silicon rat stomach model; (2) angled plate; (3) eccentric wheel; (4) driving shaft; (5) 
stepper motor; (6) bevel gear; (7) belt; (8) silicon rat duodenum model; (9) pulley system; (10) 
frequency controller; (11) tube for collection of duodenal digesta; (12) syringe pump; (13) 
temperature-controlled box. Adapted from Wu et al. (2017). 
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Fig. 3.3. Schematic diagram showing some details of the rat stomach-duodenum model. Adapted 
from Wu et al. (2017). 
3.2.6 Description of the automated gas recording system (AGRS) 
An image of the automated gas recording system (AGRS) (AGRS-III designed by Prof. Hongjian 
Yang, College of Animal Science and Technology, China Agricultural University) is shown in Fig. 
3.4, with four individual compartments automated to record directly the head-space pressure and 
volume of gas, as a result of fermentation. The system was calibrated prior to the experiment where 
pressure sensors were activated by a fixed pressure, causing the valve to release the accumulated 
gas, and thus returning the pressure in the head-space to ambient. Each rack, which had a capacity 
for 16 bottles, was housed inside a temperature controlled chamber maintained at 39 °C.  
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Fig. 3.4. Image showing AGRS where, (1) AGRS chamber, (2) Computer, (3) Individual 
compartment, (4) Serum bottle. 
The serum bottles were fitted with a butyl rubber stopper which facilitated microbial inoculum 
injection as well as insertion of a hypodermic syringe needle to measure cumulative gas produced at 
every time interval. To each of these pre-warmed substrate-containing serum bottles, 5 mL of faecal 
inoculum was added. Thereafter, five randomised replicate bottles per substrate were each 
connected to an individual gas inlet channel of the AGRS. The in vitro fermentation experiment was 
carried out as described by Williams et al. (2005) at 39 ºC for a duration of 72 h.  
During the experiment period, gas produced in serum bottles was recorded and visualised with 
software on the computer monitor throughout the fermentation period, against the inoculation time, 
thus providing the advantage of monitoring the gas produced in real time. The pressure and volume 
of the gas recorded for each bottle was regressed to provide a corrected volume at each time per 
bottle. The system also allowed for individual monitoring of serum bottles for their progress in 
fermentation graphically or numerically. Two blanks were run simultaneously, one, with the faecal 
inoculum - no substrate, while the other, with substrate - no inoculum. The AGRS accommodates 
64 bottles at a time making it easy to deal with a wide variety of substrates. 
In addition to the AGRS method, two further replicate bottles per substrate and time removal 
interval were incubated separately. At each sampling time point (0, 6, 9, 12, 20, 28, 36, 48 and 72h), 
the replicate serum bottles were placed immediately in an ice slurry for a minimum of 20 min. 
1 
2 
3 
4 
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Supernatant aliquots was removed for ammonia and SCFA analyses and amylase/protease activity 
assays followed by pH measurements for each bottle. After centrifugation, supernatant was 
collected for NMR analysis while residue was sampled for confocal/SEM, DNA, FISH, SEC, 
monosaccharide and NMR studies. All the collected samples were immediately placed into a -20 °C 
freezer for storage. 
3.2.7 Overall experimental protocol 
The following flow-chart (Fig. 3.5) provides the overall experimental plan used for the present 
study. The macronutrients interactions were studied using wheat flour through effects on starch, 
protein and lipids digestion. The isolated cells from cereals (wheat and sorghum) and legumes 
(chickpea, pea, red kidney bean and mung bean) demonstrated the role of cell walls on entrapped 
starch and proteins digestion. Furthermore, integrity of cell walls under gastro-duodenal mechanical 
conditions as well as colon fermentation was studied using isolated cells from legumes.  
 
 
 
 
 
 
Fig. 3.5. Flow-chart showing overall experimental plan. 
3.3 Summary of methods developed and used in this study 
(a) Selective enzyme inhibition in pancreatin using different enzyme inhibitors was used to study 
the effect of one food component on digestibility of the others.  
(b) An aqueous method, basically a hydro-thermal treatment, was employed to isolated individual 
cells from legumes, but the same method was not successful with cereals due to the much thinner 
Cereals and Legumes 
Milling / Isolation Wheat flour 
In vitro digestion of 
macronutrients Integrity under DIVRSD 
Fermentation using AGRS 
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and weaker cereal cell walls. Intact cells were isolated from cereals using a combination of dry 
milling-wet sieving techniques.  
(c) A dynamic in vitro rat stomach-duodenum (DIVRSD) model was optimised to study the 
integrity of isolated legume cells under bio-mechanical and gastro-intestinal conditions.  
(d) A combined technique employing physical and aqueous methods was used to prepare different 
substrate fractions from legumes for in vitro fermentation. A batch fermentation method was 
employed to understand the potential colonic fermentability of legume substrate fractions using pig 
faeces as inoculum. 
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CHAPTER 4 INTERACTIONS AMONG MACRONUTRIENTS IN WHEAT 
FLOUR DETERMINE THEIR ENZYMIC SUSCEPTIBILITY 
 
The work described in this chapter has been published in Food Hydrocolloids 2016. 
Bhattarai, RR, Dhital, S & Gidley, MJ 2016, 'Interactions among macronutrients in wheat flour 
determine their enzymic susceptibility', Food Hydrocolloids, vol. 61, pp. 415-25. 
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Abstract 
The rate of enzymic digestion of the three major macronutrients (protein, triglyceride and starch) in 
the human diet has a controlling influence on physiological and hormonal responses underpinning 
many of the risk factors for major non-communicable diseases. Previously, the interactions among 
macronutrients and the inter-dependence of individual macronutrient enzymic hydrolysis processes 
have been largely ignored. We now report a comprehensive study of component interactions in the 
enzymic hydrolysis of starch, protein and lipids representing both gastric and small intestinal 
digestion using wheat flour as an exemplar. Enzymic susceptibility of individual macronutrients in 
wheat flour was affected by each of a range of interactions among constituents as well as 
interactions of enzymes with non-substrate macronutrients. The results show the importance of food 
structure in attenuating the rate and extent of hydrolysis of starch, protein, and lipids, and highlight 
the fact that studies performed on isolated macronutrient/enzyme systems may not represent the 
complexities of real digestion. 
Keywords: Food structure, macronutrients, starch, protein, lipids, in vitro hydrolysis, non-specific 
binding.
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4.1 Introduction 
Plant-derived foods are complex systems comprising several levels of structure and interactions 
making it difficult to predict the digestive fate of individual nutrients. Recently, (Parada & Santos 
2015) suggested that ternary interactions of major macronutrients, starch, protein and lipids, can be 
critical in underpinning the glycaemic response from starchy plant foods. Whilst, structural aspects 
of binary starch-protein and/or lipids interactions in cereal grains have been investigated (Annor et 
al. 2013; Bafklow, Slmmonds & Vesk 1973; Eliasson & Tjerneld 1990; Fardet et al. 1998; Jenkins 
et al. 1987; Kulp & Lorenz 1981; Lelievre et al. 1987; Lindahl & Eliasson 1986; Lowy, Sargeant & 
Schofield 1981; Marze 2013; Sandstedt 1961; Seguchi 1986a; Seguchi 1986b; Simmonds, Barlow 
& Wrigley 1973), knowledge of the effects on enzymic susceptibly of such interactions is still in its 
infancy. In fact, such interactions may control the rate and extent of hydrolysis of macronutrients, 
providing an opportunity to understand and predict the effects of dietary components on nutrient 
delivery rates of relevance to addressing metabolic disorders such as diabetes, obesity, and risk 
factors for cardiovascular disease such as circulating cholesterol and lipids profiles. To address this 
limitation, we report the interactions among all three macronutrients in a model whole food (wheat 
flour) and their effects on enzyme susceptibility by inhibiting specific enzymes in a mixed enzyme 
system whilst preserving the food matrix. This enables us to monitor the role of each individual 
macronutrient on the enzymic susceptibility of the other macronutrients and their interactions. 
Although raw wheat flour is not consumed as is, it possess a complex matrix of starch, protein and 
lipids which could be taken as a representative model of a whole food. 
Whilst the major source of digestive enzymes (amylase, protease, and lipase) is from pancreatin 
secreted into the distal small intestine, individual digestive enzymes are also present in variable 
quantities in the mouth and stomach. For example, the secretion (quantity) as well as activity of α-
amylase in human saliva is highly variable, both within and between individual people (Mandel et 
al. 2010). It is reported that a large volume of saliva is continuously secreted in humans with 
amylase activity up to 20 × 10
3 
IU/mL (Butterworth, Warren & Ellis 2011). The pH of the stomach 
in humans has also been found to vary from 1.3-2.5 in fasted to 4.5-7 in fed conditions (Dressman 
et al. 1990) depending on composition, pH and quantity of food (Kong & Singh 2008) while it 
ranges from 1.15 to 9.94 in monogastric animal (Rauch et al. 2011) with an average of 5.7 in 24 h . 
However, the role of salivary amylase in gastric digestion has been largely ignored as it is generally 
believed that salivary amylase gets inactivated in the stomach at low pH (Fried, Abramson & Meyer 
1987) and thus has an insignificant role on gastric hydrolysis of starch. In the present report, we 
further investigate the activity of α- amylase, as a biological mimic of salivary amylase 
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(Butterworth, Warren & Ellis 2011), at varying pH values to elucidate the potential role of α-
amylase in oro-gastric digestion. 
4.2 Materials and methods 
Wheat flour was purchased from a local store in Brisbane, QLD, Australia, and consisted of 70% 
starch, 10% protein, 1.3% fat, 2-3% dietary fibre and 13% moisture as specified on the product 
label. Starch (S5127) and gluten (G5004) from wheat were obtained from Sigma-Aldrich, Australia. 
Pancreatic amylase (Sigma A-3176 Type VI-B from porcine pancreas), purified α-amylase (Sigma 
A6255, DFP Treated, Type I-A from porcine pancreas), pepsin (Sigma P-6887 from gastric porcine 
mucosa), pancreatin (Sigma P-1750 from porcine pancreas), porcine bile extract (B8631, Sigma), 
trichloroacetic acid (TCA) (522082, redistilled ≥99%, Sigma), fluorescamine (F9015, ≥98%, 
Sigma),  acarbose (≥95%, solid), protease inhibitor cocktail powder (P2714), orlistat (≥98%, solid), 
free fatty acid quantification kit (MAK044, Sigma) and 4-Hydroxybenzhydrazide (PAHBAH, 
Sigma, H9882) were purchased form Sigma-Aldrich. Amyloglucosidase (E-AMGDF100, 
Megazyme) was obtained from Megazyme, Bray, Ireland, and enzyme glucose reagent (TR15103, 
Thermo Scientific) and Pierce BCA protein assay kit (23225, Thermo Scientific) was purchased 
from Thermo Scientific, Sydney, Australia. 
4.2.1 In vitro starch digestion of starch-gluten mixtures 
Enzymatic digestion of starch-gluten samples was carried out using 0.4 unit porcine pancreatic α-
amylase (Sigma A6255) per mg of starch as previously described (Dhital, Gidley & Warren 2015). 
Starch (90 mg) and gluten (10 mg) were first dry mixed followed by addition of 10 mL of sodium 
acetate buffer (pH 6, 0.2 M containing 0.02% (w/v) sodium azide). The mixture, in 50 mL falcon 
tubes, was incubated at 37 ˚C with constant stirring at 100 rpm with a 3 mm × 6 mm magnetic 
stirrer bar. At defined time intervals between 3 and 360 min, 100 µL of aliquot was mixed with 300 
µL of 0.3 M sodium carbonate in an ice bath to stop the enzymatic reaction and immediately 
centrifuged at 6000 × g for 60 s. The supernatant was used to determine the reducing sugar content 
using the para-hydroxybenzoic acid hydrazide (PAHBAH) assay (Dhital, Warren et al. 2014). For 
this assay, 1 mL of a freshly prepared 9:1 mixture of 0.5 M sodium hydroxide and 5% (w/v) 
PAHBAH in 0.5 M hydrochloride was added to 100 µL of supernatant and mixture heated for 5 min 
in boiling water. The solution was then cooled and absorbance measured at 410 nm. Values were 
expressed as reducing sugar released per 100 mg of starch.  
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4.2.2 In vitro digestion of wheat flour 
The in vitro digestion mimicking the oral, gastric and intestinal phases (Dhital, Shrestha & Gidley 
2010a; Lamothe et al. 2014) for determination of hydrolysis rate and extent of starch, protein and 
lipids in wheat flour was carried out in two different combinations, Case I and Case II.  
For Case I,  the gastric phase pH was fixed at 2.0 whereas in Case II, a range of gastric pH (pH 2-7) 
conditions were tested with  different concentrations of α-amylase (Sigma A3176) (0.5, 1, 3 and 6 
U/mg starch) to understand the pH and enzyme dependence on hydrolysis of starch by α-amylase on 
simulated gastric environment.  
In both cases, 100 mg wheat flour was weighed in 50 mL falcon tubes and 1 mL of α-amylase 
(Sigma A3176) (0.5 U/mg starch) in carbonate buffer (pH 7 containing 14.4 mM sodium hydrogen 
carbonate, 21.1 mM potassium chloride, 1.59 mM calcium chloride and 0.2 mM magnesium 
chloride) was added. The tubes were then incubated for 1 min at 37 °C and 1 mL of 0.02 M HCl 
(pH 2-7) containing 1mg/mL pepsin (Sigma) (188 U/mg protein) was added with continuous 
stirring at 100 rpm. The gastric hydrolysis was terminated after 30 min in Case I whereas it was 
continued to 360 min with intermittent sub-sampling in Case II. In both conditions, the gastric 
hydrolysis was stopped by neutralising the content with 1 mL of 0.02 M NaOH.  
Neutralized samples from the digestion phase of Case I then underwent simulated intestinal 
digestion. For this, 6 mL of acetate buffer (pH 6), 1 mL of pancreatin (Sigma P-1750, 2 mg/mL) 
and 28 unit of AMG (E-AMGDF100, Megazyme) was added to initiate the digestion process. The 
mixture was then incubated at 37 ˚C with constant stirring at 100 rpm up to 360 min with sub-
sampling of 100 µL at various time intervals.  The aliquot (100 µL) was immediately mixed with 
300 µL 0.3 M sodium carbonate to stop the enzyme activity. The starch, protein and lipids 
hydrolysis were monitored as discussed in the following sections.  
Measurement of starch hydrolysis 
Digested aliquots (100 µL) from simulated gastric and intestinal phases were mixed with 300 µL 
0.3 M sodium carbonate and then centrifuged at 6000 × g for 60 s. The glucose content in the 
supernatant was determined by using a glucose oxidase colorimetric analysis kit with detection at 
505 nm (Pharmacia LKB-Ultrospec III, England) for Case I (intestinal phase). Similarly, the 
reducing sugar content (case II, gastric phase) was determined using a PAHBAH method as 
described in Section 2.1.1. Factor 0.9 was used to convert glucose released to % starch hydrolysis 
(Case I) whereas values were expressed as reducing sugar released per 100 mg dry starch in Case II. 
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Measurement of Protein hydrolysis 
Protein content in the supernatant from simulated gastric (Case II) and intestinal (Case I) digestion 
phases was measured using a BCA kit (23225, Thermo Scientific) following the manufacturer 
protocol. To solubilise the small peptides and amino acid residues produced by proteolysis 
(Lamothe et al. 2014), 100 µL trichloroacetic acid (TCA, 24%) solution was added to an equal 
volume of digested aliquot making 12% (w/w) TCA in the final mixture. The mixture was vortexed, 
incubated for 15 min at room temperature and centrifuged at 15000 × g for 15 min and the protein 
in the supernatant was determined using bovine serum albumin as standard. The results were 
expressed as the percentage protein hydrolysis based on the amount of protein in the supernatant 
compared with the total protein content.  
Measurement of Lipids hydrolysis  
Lipids hydrolysis from intestinal digestion (Case I) was measured as free fatty acid released per 100 
mg of fat. An aliquot (100 µL) from the digested sample was added to 300 µL of a mixture of 80% 
ethanol in water (to stop lipase activity) and 20% Triton-X 100 (to solubilise the free fatty acids). 
Free fatty acid was then determined following the manufacturer protocol (MAK044, Sigma-
Technical Bulletin) with palmitic acid as standard.  
Inhibition of specific enzymes using selective enzyme inhibitors 
The details of different inhibitors, their preparation and methodology for selective inhibition of 
respectively amylase, protease and lipase present as an enzyme mixture in pancreatin is described in 
Chapter 3, Section 3.1. In a separate experiment, to monitor the effect of inhibition of a specific 
enzyme on activity of other enzymes present in pancreatin, the activity of non-inhibited enzymes 
was measured. It was found that the inhibitors used in the present study are specific to the targeted 
enzymes and showed no inhibition of non-targeted enzymes (data not shown). Moreover, as the 
substrate concentration is low (1%), the enzyme inhibition form the hydrolysed product can be 
assume to be insignificant. 
All the measurements were carried out with two replicates and results are expressed as 
means ± standard deviation of replicates. 
4.2.3 Investigation of amylase-gluten-starch interactions by assaying the residual amylase 
activity 
Binding interactions between amylase, starch and gluten were investigated using a solution 
depletion method (Dhital et al. 2015) to monitor the amylase activity under non-hydrolysing 
conditions at 0 
o
C. In brief, α-amylase (40 units with 10 mg gluten and 90 mg starch in 10 mL of 
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acetate buffer (pH 6, 0.2 M)) was incubated for 30 minutes with intermittent mixing at 0 ˚C (ice 
water bath). An aliquot (250 μL) was then transferred into a micro-centrifuge tube, centrifuged at 
6000 × g for 60 s and 50 μL of supernatant (containing unbound enzyme) was then used to 
hydrolyse 10 mL of cooked starch (1% soluble potato starch cooked at 95 ˚C for 15 min in acetate 
buffer (pH 6, 0.2 M) under  mixing). This enzyme volume is equivalent to 0.02 unit of α-amylase 
per mg of cooked starch, assuming none of the enzyme had bound to the gluten. At defined time 
intervals between 3 and 30 min, 100 µL aliquots were mixed with 300 µL of 0.3 M sodium 
carbonate in an ice bath to stop the enzymatic reaction, and immediately centrifuged at 6000 × g for 
60 s. The supernatant was used to determine the reducing sugar content using the PAHBAH assay 
and expressed as reducing sugar released per 100 mg dry starch described in Section 4.2.1.  
4.2.4 Scanning electron microscopy 
Scanning electron microscopy was used to monitor the morphological structure of starch after 
enzymic treatment of wheat flour with amylase and pepsin. The ethanol dried samples were thinly 
spread onto circular metal tubes covered with double-sided carbon tape and coated with 
approximately 5 nm of platinum in an argon gas environment. The images were acquired using a 
Philips XL30 scanning electron microscope (Philips, Eindhoven, Netherlands) under an accelerating 
voltage of 5 kV.  
4.2.5 Observation of proteins associated with starch granule surfaces  
Surface proteins associated with wheat starch granules and wheat flour, before and after pepsin 
treatment, were observed by labelling with a protein specific dye, fluorescamine, under a confocal 
microscope (LSM 700, Carls Zeiss, Germany) at 405 nm excitation wave length (Naguleswaran, Li, 
Vasanthan, & Bressler, 2011). Briefly, wheat flour/starch was hydrolysed by pepsin (188U/mg 
protein) in 0.02 M HCl (pH 2) for 30 min and neutralized with 0.02 M NaOH to terminate the 
enzyme activity and centrifuged at 6000 × g for 60 s. Fluorescamine (0.2% w/v) was prepared in 
DMSO and 0.1 mL was added to pepsin-treated hydrolysed wheat flour/starch granules in 0.15 mL 
of PBS buffer (pH 8). The samples were stained at room temperature for 1 hr and then centrifuged 
and rinsed three times with Milli Q water to remove the excess dye. Confocal microscopic 
observation was made after treating stained samples with 0.5 mL of 50% glycerol.  
4.2.6 Labelling of α-amylase with FITC 
Alpha-amylase from porcine pancreas (Sigma A6255, Type I-A) was labelled with fluorescein 
isothiocyanate (FITC; F7250, Sigma) at 10 × molar excess in a carbonate buffer (0.1 M, pH 9) as 
previously described (Dhital, Warren, et al. 2014). The unbound FITC from the conjugate was 
separated using a desalting column (Sephadex, PD-10) with phosphate buffered saline buffer (PBS; 
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P4417, Sigma, pH 7.2). Following labelling, the enzyme solution was immediately aliquoted and 
frozen for storage. The enzyme was defrosted immediately prior to use. 
4.2.7 Visualization of α-amylase bound to gluten and/or starch granules 
The binding of FITC- AA conjugate to gluten-starch granules mixture was monitored at 0 ˚C 
following the method of (Dhital, Warren et al. 2014). A 1% solution of gluten-starch (10% gluten, 
90% starch) granule dispersion (10 mL) in sodium acetate buffer (pH 6.0, 0.2 M) in 50 mL falcon 
tubes was immersed fully in an ice water bath. The dispersion was equilibrated for 10 min with 
continuous stirring at 200 rpm followed by addition of 50 µL of FITC-AA conjugate and incubated 
for a further 30 minutes. After 30 min, 100 µL aliquots were transferred to 1.5 mL microcentrifuge 
tubes and immediately centrifuged at 6000 x g for 60 s. The residue (gluten-starch pellet) was 
recovered after discarding the unbound enzyme in the supernatant. The bound enzyme was 
observed by confocal microscopy (LSM 700, Carls Zeiss, Germany) using an excitation wavelength 
of 488 nm for FITC. 
4.2.8 Data fitting to first order kinetics  
Progress curves of starch digestion were fitted using first-order kinetics and the digestion rate 
coefficient k was expressed as min
-1
 as described elsewhere (Al-Rabadi, Gilbert & Gidley 2009; 
Dhital, Shrestha & Gidley 2010a; Dhital et al. 2015).  
4.3 Results 
The effects of interactions between macronutrients on enzymic hydrolysis were studied using A): A 
model system consisting of mixtures of starch and protein (gluten) with analysis of starch 
hydrolysis by amylase, B): Wheat flour (natural system) consisting of starch, protein and lipids as a 
biological matrix and analysing the starch, protein and lipid hydrolysis. 
4.3.1 Interactions of wheat protein with starch and amylase  
In order to investigate the binding of α-amylase to both gluten and starch granules as well as the 
role of starch surface proteins on amylase activity against wheat flour, a series of hydrolysis 
experiments were conducted with both addition and removal of protein (gluten and starch surface 
associated proteins) from wheat starch and wheat flour.  
Effect of addition of gluten to wheat starch on amylase activity  
The effect of addition of extraneous gluten on wheat starch hydrolysis was observed through 
replacing 0 to 20% by weight of wheat starch with wheat gluten followed by in vitro hydrolysis 
with α-amylase as described in Section 4.2.1. It was found that the presence of gluten in the 
medium hindered the hydrolysis of starch. As shown in Fig. 4.1a, reducing sugar released for the 
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control (no added gluten) sample was 26% at 120 min of digestion which subsequently declined to 
23, 13, 9 and 8% respectively with 5, 10, 15 and 20% of gluten addition to wheat starch. The 
reduction in rate of hydrolysis was however not proportional to the amount of gluten addition. A 
large effect was observed between 5% and 10% gluten addition, however with 15 % and 20%, the 
reduction in starch hydrolysis was comparable to each other (9% versus 8%). This decreased starch 
hydrolysis by addition of gluten was also captured as a four-fold decrease in first-order rate 
coefficient from 0.0037 for control to 0.0009 for 20% added gluten. 
Effect of removal of starch granule surface proteins from wheat starch 
In order to investigate the effect of surface protein (Han et al. 2005) on hydrolysis of starch 
granules, surface-associated proteins were effectively removed by hydrolysing with pepsin followed 
by α-amylase hydrolysis as described in Section 4.2.1. As presented in Fig. 4.1b, reducing sugar 
release was increased by almost 10% after 360 min of digestion when surface proteins were 
effectively removed by pepsin treatment. This is equivalent to a ca 20% rise in rate coefficient. In 
order to investigate the reverse effect, gluten was added to wheat starch before and after pepsin 
treatment and it was found that the addition of gluten to pepsin-treated starch resulted in a higher 
hydrolysis extent (38%) compared to starch samples with added gluten without pepsin treatment 
(22%) (Fig. 4.1b). This increase in digestion extent is equivalent to a 43% rise in rate coefficient. 
 
 
Fig. 4.1. (a) Progress curves of reducing sugar released per 100 mg starch by α-amylase in the 
presence of gluten where WS= wheat starch, G= gluten, mg and the numerical value refers to the 
amount of gluten added (5, 10, 15 and 20 mg) to wheat starch. It is evident that with added gluten, 
starch hydrolysis decreased in a concentration-dependent manner. (b) Progress curves of reducing 
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sugar released per 100 mg starch by α-amylase where WS= wheat starch, G= gluten, mg; PD refers 
to pepsin digestion for 30 min before amylase digestion (360 min). Gluten protein was added at 10 
% to the wheat starch. Initial pepsin digestion (30 min) resulted in higher starch hydrolysis for both 
wheat starch as well as wheat starch with added gluten (curves 1 and 2 from top) compared to non-
pepsin treated parts (curves 3 and 4 from top).The first order fits of progress curves are presented in 
the Appendix section, Fig. A1. 
4.3.2 Activity assay of unbound α-amylase 
The activity of un-bound α-amylase retrieved from incubation mixtures consisting of gluten and/or 
starch granules (Section 4.2.3) was investigated against cooked soluble potato starch, with results 
shown in Fig. 3.2.    
 
Fig. 4.2. Activity assay of non-bound α-amylase on cooked soluble potato starch where E=α-
amylase, G= gluten, S= starch. The residual amylase action decreased when soluble potato starch 
was hydrolysed with unbound enzyme retrieved from gluten and/or starch added digestion mixtures 
compared with control (no added gluten or starch). The first order fits of the data are shown in 
Appendix section Fig. A1. 
Enzyme activity of α-amylase that had been previously incubated with gluten and/or starch was 
found to be considerably lower than that of control (enzyme in the absence of gluten or starch 
granules), suggesting binding of α-amylase to gluten as well as starch. With control (α-amylase 
alone), starch hydrolysis was highest (8.5%) compared to gluten (7%), starch (5%) or gluten-starch 
(4.5%) added samples (Fig. 4.2). The decreased calculated rates (k value, min
-1
) of starch hydrolysis 
were 0.0018, 0.0016, 0.0008 and 0.0007 respectively for these samples.  
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4.3.3 Effect of removal of gluten from wheat flour 
Wheat flour mainly consists of three components (starch, protein and lipids) that can interact at 
various structural levels. Wheat starch granules are observed to have varying amounts of surface 
proteins (Fig. 4.3a) as reported previously (Han et al., 2005). Similarly, non-surface protein (gluten) 
as well as starch surface proteins are found in association with starch granules in CLSM images 
(Fig. 4.3c).  
 
 
 
 
 
 
 
 
Fig. 4.3. Confocal laser scanning micrographs: wheat starch (a: undigested, b: pepsin digested) and 
wheat flour (c: undigested, d: pepsin digested) stained with fluorescamine. Starch surface proteins 
are clearly visible in undigested wheat starch (a) but are not evident after pepsin digestion (b) 
indicating that removal of the surface proteins after pepsin treatment. In wheat flour, the storage 
proteins (gluten) network entrapping starch are evident (c)- starch appearing dark in its typical 
shape surrounded by intense  protein network; which however disappeared following the pepsin 
treatment (d); FITC labelled α-amylase interacting with both starch and gluten (e: reflective mode 
and f: confocal mode). Although α-amylase has more affinity towards starch, significant binding is 
observed on the gluten surface.  
In order to evaluate the effect of gluten removal on pancreatic hydrolysis, wheat flour was 
incubated with pepsin (as described in Section 4.2.2) prior to pancreatic digestion, and starch 
hydrolysis was monitored over specified time periods. It was found that the rate and extent of starch 
hydrolysis was increased when protein was removed (Fig. 4.3d) from the system with pepsin 
treatment as shown in Fig. 4.4.  
a 
b 
c 
d 
e 
f 
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Fig. 4.4. Progress curves of in vitro starch hydrolysis by α-amylase from wheat flour where 
WF=wheat flour, PD=protein digestion for 30 min before pancreatic digestion for 120 min. The 
corresponding first order plots are presented in Appendix section Fig. A1. 
Starch hydrolysis with prior pepsin digestion was higher (26%), with a rate coefficient of 0.0068 in 
contrast to pepsin undigested wheat flour (18%) with a rate coefficient of 0.0043. The enhanced 
hydrolysis of pepsin-treated wheat flour can be ascribed to degradation of the starch-gluten matrix 
as confirmed by CLSM, as intense labelling of proteins by fluorescamine (Fig. 3c) was barely 
detectable after pepsin treatment (Fig. 4.3d) when observed under similar confocal instrument 
settings. 
4.3.4 Effect of pancreatin hydrolysis on wheat flour macronutrients under different conditions 
To investigate the effect of one macronutrient (starch, protein or lipid) on the hydrolysis of the other 
two macronutrients in wheat flour, two protocols mimicking oral-gastric and small intestinal 
hydrolysis, were conducted (Section 4.2.2) with and without using α-amylase and pepsin along with 
inhibition of selective enzymes (amylase, protease and lipase) present in the mixed enzyme system, 
pancreatin. The selective inhibition of specific enzymes (amylase, protease or lipase) allows for the 
retention of the respective substrate during digestion of other components and is complementary to 
the addition approach described in Section 4.2.1.  
Effects on starch, protein and lipid hydrolysis in wheat flour 
The starch, protein and lipid hydrolysis of wheat flour with selective inhibition of amylase, protease 
and lipase without pre-treatment with α-amylase and pepsin is shown in Fig. 4.5. Acarbose, 
protease inhibitor cocktail and orlistat were used to inhibit α-amylase, protease and lipase 
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respectively in pancreatin. The inhibition efficiency was measured by monitoring the hydrolysis of 
starch, protein and lipids in the presence of the selective inhibitors. The use of these specific 
enzyme inhibitors resulted in inhibition of the activity of target enzymes only and hence no 
hydrolysis was observed for the substrate macronutrient (data not shown). This shows that under the 
action of specific enzyme inhibitors, the effect of individual macronutrients on the digestion 
kinetics of the other two macronutrients can be studied. As shown in Fig. 4.5a, starch hydrolysis 
after 6h under the conditions used was 25% with a k value of 0.0020 in the absence of inhibitors but 
the values were lowered by 20 and 16.5%, with rate coefficients of 0.0015 and 0.0013 respectively 
in the presence of lipase and protease inhibitors. Regardless of the effect of other components, 
starch hydrolysis always followed first-order kinetics (Fig. A1).
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Fig. 4.5. Macronutrient hydrolysis in wheat flour: (a-c) without pre-treatment with α-amylase and 
pepsin and (d-f)  pre-exposed to α-amylase and pepsin; (a, d) starch hydrolysis, (b, e) protein 
hydrolysis, (c, f) lipids hydrolysis where SD= starch digestion, P=protein digestion, FFA= free fatty 
acid released, A= acarbose (amylase inhibitor), O= orlistat (lipase inhibitor), PIC= protease 
inhibitor cocktail (protease inhibitor). The first order plots are presented in Appendix section Fig. 
(A1, A3).
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Protein hydrolysis as seen in Fig. 4.5b was highest (47%) with the control sample (absence of 
inhibitor) compared to lipase- (42%) or amylase- (38%) inhibited conditions. Unlike starch 
hydrolysis (Fig. 4.5a), proteolysis of gluten would require a complex model to describe its 
hydrolysis as it was not fitted well by first-order kinetics (Fig. A3). 
Lipids hydrolysis measured as % release of free fatty acid (Fig. 5c) revealed  greater hydrolysis 
(20%) with the control sample (no inhibitors) compared to those with protease (15%) or amylase 
(12%) inhibitors, the relative effects reflecting the higher amount of starch (70%) than protein 
(10%) in wheat flour. Like protein hydrolysis, free fatty acid release does not seem to follow simple 
first-order kinetics (Fig. A3). 
Effect of pancreatin hydrolysis on wheat flour macronutrients pre-exposed to α-amylase and 
pepsin using specific enzyme inhibitors 
a. Effect on starch, protein and lipid hydrolysis 
Three different conditions: (i) mimicking the oro-gastro-intestinal enzymic hydrolysis of starch, 
protein and lipids using sequential enzyme treatments, (ii) investigating the synergistic effect of α- 
amylase and pepsin on starch and protein digestion, and (iii) using specific enzyme inhibitors with 
pancreatin to prevent hydrolysis of one macronutrient, were investigated in a sequential order to 
probe the effects of wheat flour biological structure on macronutrient digestion. The results for 
starch, protein and lipid hydrolysis under these conditions are presented in Fig. 4.5(d-f). As 
monitored within the specified time interval, starch hydrolysis (Fig. 4.5d) rates (k) and extents (%) 
were higher for the control sample without any added inhibitors (0.0008, 31%) compared to lipase 
(0.0006, 27%) or protease (0.0005, 25%) inhibited samples after pre-treatment with α-amylase and 
pepsin. This result indicates that both intact protein and lipids hindered starch hydrolysis but to a 
limited extent compared to the conditions of no pre-treatment with α-amylase and pepsin (Fig. 
4.5a). Likewise, protein digestion (Fig. 4.5e) was found to be decreased in the presence of intact 
lipids or starch from 57% to 54% and 51% respectively for lipase and amylase inhibited samples. 
Again, compared to Fig. 4.5a, protein hydrolysis was less affected by enzyme inhibition after prior 
amylase and pepsin treatment. Lipid hydrolysis showed similar trends, as shown in Fig. 4.5f, being 
hindered by both intact starch and protein, but again to a limited extent compared to no 
amylase/pepsin pre-treatment (Fig. 4.5c). The lipid hydrolysis values for control, protease or 
amylase inhibited samples following pre-treatment with amylase/pepsin were 22.6%, 21.5% and 
18.2% respectively. Table 4.1 summarizes the data in Fig. 4.5(a-f) and shows the consistent effect 
of pre-treatment with amylase/pepsin speeding up hydrolysis of all macronutrients, and provides 
direct evidence for a functional role of oro-gastric digestion in speeding up macronutrient 
hydrolysis by pancreatin in the small intestine.  
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Table 4.1. Comparison of in vitro pancreatin hydrolysis for macronutrients with and without prior 
α-amylase and pepsin treatment (in %) 
  Prior α-amylase/pepsin    No prior α-amylase/pepsin  
Time (min) Starch Protein  Lipids  Starch Protein  Lipids 
15 4.60 14.80 14.48  4.32 14.30 13.21 
30 7.56 25.66 16.52  7.62 26.25 15.58 
60 12.81 32.40 18.12  11.59 29.50 16.69 
120 22.93 43.00 19.99  18.25 37.00 18.18 
240 27.19 52.00 21.88  21.94 43.50 19.00 
360 30.64 56.61 22.59  25.00 47.00 20.00 
 
b. Effect of different gastric pH and α-amylase concentrations on starch and protein 
hydrolysis 
In order to study the variation in quantity and activity of α-amylase in saliva as well as its potential 
residual activity in the stomach at different pH values, starch (or wheat flour) was hydrolysed using 
various concentration of alpha-amylase ranging from 1 × 10
3
 IU/mL (0.5 U/mg starch) to 12 × 10
3
 
IU/mL (6 U/mg starch) at six different pH values (2 to 7). At pH 2, very little starch was hydrolysed 
by α-amylase. As the pH increased, more starch was hydrolysed compared to control (no enzyme). 
Further with increased α-amylase concentration, the trend was similar for increasing pH from 2 to 7 
as evident in Fig. 4.6a-d. 
Fig. 4.6a demonstrates the effect of 0.5 U α-amylase/mg starch on amylolysis at different pH 
values. This level of α-amylase represents the generalized activity of salivary amylase reported in 
the literature (Hoebler et al. 2002; Knuckles & Betschart 1987; Sopade & Gidley 2009) and used 
for in vitro digestion models (Hoebler et al. 2002; Sopade & Gidley 2009). For example, reducing 
sugar released after 360 min digestion with 0.5U α-amylase was  3.1, 7.6, 8.6, 10.8, 14.8 and 18.9% 
for pH 2, 3, 4, 5, 6 and 7 respectively with the corresponding rate coefficient ten times higher 
(0.0005) at pH 7 compared to pH 2 (0.00005). This differential effect of pH on starch hydrolysis is 
supported by SEM images (Fig. 4.7). 
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Fig. 4.6. In vitro reducing sugar released per 100 mg starch under varied pH and α-amylase 
concentrations; (a). 0.5 U α-amylase/mg starch, (b). 1 U α-amylase/mg starch, (c). 3 U α-
amylase/mg starch, (d). 6 U α-amylase/mg starch. First order plots are shown in Appendix section 
Fig. A2. 
Experiments were further extended up to 6 U α-amylase/mg starch which is 10-30 times higher than 
used by many researchers (Al-Rabadi, Gilbert & Gidley 2009; Dhital, Shrestha & Gidley 2010a; 
Enemchukwu et al. 2013; Gawlik-Dziki et al. 2009; Htoon et al. 2009; Kong & Singh 2008; 
Minekus et al. 2014; Versantvoort et al. 2005) during in vitro studies but still only one third of that 
reported in human saliva (Butterworth, Warren & Ellis 2011). It should be noted that swallowed 
amylase would be diluted in the stomach, hence the studied range is considered appropriate for 
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assessment of potential amylase action in the stomach. The effects of varying amylase loadings are 
summarised in Table 4.2.  
Table 4.2. Rate coefficients (k × 10
-4
, min
-1) at different pH values vs α-amylase loadings   
  α-amylase (units/mg starch) 
pH 0.5 1.0 3.0 6.0 
2 0.05 0.05 0.05 3.0 
3 1 2 12 27 
4 2 2 12 42 
5 2 3 14 44 
6 3 7 22 53 
7 5 10 29 65 
 
It is interesting how higher concentrations of α-amylase and increasing pH increase starch 
hydrolysis rate coefficients, with an approximately linear relationship between the amount of α-
amylase and starch hydrolysis. However at pH 2, very low hydrolysis and hence lower k value was 
observed except for 6 U. 
Concerning protein hydrolysis, the highest level was observed at pH 2 irrespective of α-amylase 
concentration. With rising pH, the rate of protein hydrolysis followed the order pH2> pH3> pH4> 
pH5 (data not shown), and with added α-amylase, protein hydrolysis was also increased at pH 2 to 
4, but not at pH 5 to 7 (data not shown). 
Scanning electron micrographs (Fig. 4.7) showed the consequence of the increase in starch 
hydrolysis with increasing pH. Compared to control, some starch granules were ‗scratched‘ on their 
surface and ‗pitted‘ by α-amylase at pH 2. With further increase in pH, it is evident (Fig. 4.7) that 
more starch granules are pitted and a few digested more completely by α-amylase. The magnified 
images in Fig. 4.7 clearly reveal starch pitting and hydrolytic ‗cracking‘ which would be expected 
to increase starch hydrolysis further under small intestinal conditions. 
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Fig. 4.7. Scanning electron micrographs of starch digestion by α-amylase at different pH values. A 
more magnified image is inserted as inset in each figure. Compared to control, increasing pH 
clearly results in more starch pitting and consequently higher hydrolysis. 
4.4 Discussion 
The results presented show that (a) the presence of individual intact macronutrients consistently 
attenuates the enzymic digestion of other macronutrients, (b) the biopolymeric components (starch, 
protein) interact with each other such that enzymic digestion of each is impeded, and (c) there are 
synergistic effects of oro-gastric condition hydrolysis and intestinal condition hydrolysis. These 
topics are discussed in more detail below. 
 
 
Control pH 2 pH 3 
pH 4 pH 5 pH 6 
Hydrolysis pH 7 Starch pitting 
 53  
 
4.4.1 Protein-starch interactions 
Gluten proteins are the major storage proteins in wheat grains, and are composed of monomeric 
gliadins and polymeric glutenins. Previously, Jenkins et al. (1987) reported a reduction of blood 
glucose response and decreased in vitro starch hydrolysis rate on consumption of white bread 
compared to gluten-free bread or gluten-free bread plus gluten and concluded that starch-protein 
interactions might lead to such observations. We here show (Fig. 4.1) that starch-gluten interactions 
are indeed an important factor in decreasing in vitro amylase digestion. In addition, our findings 
that addition of gluten to starch did not inhibit amylase action as much as the presence of gluten in 
intact flour (Fig. 4.1), is also consistent with the results of (Jenkins et al. 1987). We further showed 
that proteolysis of proteins associated with starch granule surfaces also enhanced starch granule 
hydrolysis (Fig. 4.1). 
Initial hydrolysis of gluten in wheat flour by pepsin enhanced starch digestion suggesting that 
degradation of the starch-gluten matrix provides easier access for α-amylase to reach starch 
substrates for hydrolysis (Figs. 4.3 and 4.4). An additional potential mechanism is that gluten can 
bind α-amylase competitively with starch (Figs. 4.3e,f) which retards starch hydrolysis (Fig. 4.2). 
Recently, Annor et al. (2013) suggested that a protein encapsulated starch granule matrix in millet 
was responsible for its hypoglycemic property, and demonstrated that the protein can hinder starch 
hydrolysis. However, this study ignored the role of the natural starch-protein matrix. Furthermore, it 
has been demonstrated that the protein network in pasta has a complex structure with large particle 
size (~2 mm) which can trap the starch by forming a starch-protein matrix that limits susceptibility 
to starch digestion (Fardet et al. 1998; Zou et al. 2015). We here show that similar interactions also 
occur in a dilute system (1% solution) and with the small particle size of wheat flour (200-300 µm). 
In addition, as reported previously (Han et al. 2005), proteins were also observed to be located on 
the surface of starch granules as well as lining the surface pores and channels (Fig. 4.7a). Based on 
the increase of starch hydrolysis after removal of surface proteins (Fig. 4.7b), we hypothesize that 
these surface proteins, though present in minor quantities, can inhibit amylase activity against starch 
granules most likely by providing a competitive binding site for amylase as exhibited by gluten 
proteins (Figs. 4.3e,f) even in the presence of a vast excess of the natural starch substrate.  This is 
evident from the present work with isolated wheat starch. Prior pepsin digestion of wheat starch 
enhanced starch hydrolysis with α-amylase (Fig. 4.1b) suggesting pepsinolysis (Fig. 4.7b) of 
surface and channel proteins enhances the action of α-amylase on starch.  
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4.4.2 Binding of α-amylase to gluten and starch: possible inhibition mechanism 
It has been demonstrated (Fig. 4.2) by solution depletion experiments under non- hydrolysing 
conditions that α-amylase binds to gluten, and that the binding interaction is rapid and effective, 
similar to α-amylase binding to granular starch. This suggests that gluten may be able to act as an 
inhibitor of α-amylase activity not only by acting as a physical barrier, but also by binding amylase 
and making it unavailable for starch hydrolysis. This binding can be directly inferred by using 
labeled enzyme even in a very dilute system (1% solid content). The evidence (Figs. 4.3e,f) is that 
FITC-labelled α-amylase is associated with gluten particles as well as starch granules when 
presented to a mixture of the two components. It is expected that starch, being the major substrate 
for α-amylase, would readily bind to α-amylase, but the enzyme also showed binding affinity to 
gluten as evident in Fig. 4.3e,f. This is similar to the recently described binding of α-amylase to 
cellulosic materials (Dhital, Gidley & Warren 2015)
 
which results in effective inhibition of amylase 
activity. 
4.4.3 Synergistic effects of α-amylase, pepsin and pancreatin on macronutrient hydrolysis 
Digestion of starchy foods can be initiated in the oral cavity by salivary amylase, which then passes 
into the stomach where proteins and lipids start to be hydrolysed by pepsin and gastric lipase 
respectively. The mixture then passes into the small intestine where pancreatin hydrolysis occurs to 
further break down food, and the nutrients are absorbed in the body. It has been reported that gastric 
emptying depending upon the composition and particle size of food may take from 2-6 hours 
(Tougas et al. 2000; Vasavid et al. 2014). We discuss the role played by the prior action of α-
amylase and pepsin on subsequent pancreatin hydrolysis of macronutrients and evaluate the effects 
of different concentrations of α-amylase at different gastric pH values over the range (2 to 7) 
representative of the range of fasted and fed states.  
The higher digestion observed (Fig. 4.4) when wheat flour was pre-exposed to α-amylase and 
pepsin suggests that the natural cereal endosperm interactions between starch, protein and lipids act 
as a barrier to enzymatic degradation. Ternary complex formation in starch-protein-free fatty acid 
(FFA) systems has been reported to involve three different structural elements: starch-FFA 
complex, protein-FFA complex and disulfide bond-linked protein aggregates (Zhang, Maladen & 
Hamaker 2003). This implies that once proteins are hydrolysed by pepsin in the stomach, this would 
weaken the ternary complex making it easier for pancreatic enzymes to break down the respective 
substrates. We hypothesize that starch hydrolysis rates are not only the result of weakened starch-
protein-lipid interactions but also may involve (salivary) amylase activity in the stomach which may 
even continue hydrolysis in the small intestine. (Butterworth, Warren & Ellis 2011) also highlighted 
that activity of salivary amylase can be protected by starch and oligosaccharides against inactivation 
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under gastric conditions and expected it to reach the duodenum to act upon dietary starch. We now 
further predict that not only starch and oligosaccharides but also proteins should play important 
roles in protecting salivary amylase activity in the stomach. In contrast, several reports have ignored 
or neglected the role of salivary amylase on starch digestion (Fried, Abramson & Meyer 1987; 
Woolnough et al. 2010) assuming the inactivation of amylase activity due to gastric pH. However, 
our present study explicitly demonstrates the retention of amylase activity (Fig. 4.6; Table 4.2) even 
at pH values towards the lower end of those found in the stomach and the corresponding synergistic 
role played by α- amylase, gastric pH and pancreatic enzymes in the hydrolysis of macronutrients 
(Fig. 4.5; Table 4.1). 
From SEM images, it can be concluded that starch hydrolysis can be initiated under gastric 
conditions provided the pH is 3 or higher. This can lead to further rapid hydrolysis in the intestinal 
phase with a synergistic effect of salivary amylase and pancreatic amylase. It is noteworthy that 
after 360 min of gastric digestion, around 50-75% of starch would be hydrolysed with 6 U α-
amylase at pH 5-6 (Fig. 4.6) which corresponds to a typical fed state pH in the stomach (Dressman 
et al. 1990). Even at pH 2 which corresponds to the fasted state, about 5% of starch is hydrolysed 
with 6 U α-amylase after 60 min (Fig. 3.6). Hence, we predict that with the high volume of saliva 
continuously excreted in the human body (1.5-2 L per day) and under fed state conditions (pH 5-6),  
starch would be hydrolysed markedly by the salivary amylase which would retain its activity in the 
stomach and continue starch hydrolysis in the small intestine. Our findings not only confirm 
previous reports by (Fried, Abramson & Meyer 1987) and (Skude & Ihse 1975) who demonstrated 
14-15% contribution by salivary amylase to duodenal starch hydrolysis but also predict a higher 
involvement of this enzyme under pH conditions corresponding to the fed state (pH 5-6). 
4.4.4 One intact macronutrient affects the hydrolysis of other macronutrients in wheat flour  
Specific enzyme inhibitors capable of inhibiting digestion of individual macronutrients have been 
used as a tool to address metabolic disorders such as diabetes, obesity and cardiovascular disease 
that are related to intestinal hydrolysis of e.g. starch and lipids (Hadvary, Lengsfeld & Wolfer 1988; 
Tucci, Boyland & Halford 2010). We employed the concept of using selective enzyme inhibitors to 
inhibit specific enzymes present in pancreatin to understand the role of an intact food component on 
the digestion of other hydrolysable components. Our experiments showed that the presence of an 
intact macronutrient can hinder the rate and extent of hydrolysis of other macronutrients present in 
wheat flour under conditions relevant to gastro-intestinal digestion. Comparing our results in Figs 
4.5a-f, it can be concluded that most abundant component have higher effect on attenuating the 
hydrolysis of other components. The effect of intact protein on starch hydrolysis being greater than 
intact lipids, presumably because the amount of protein is 6-7 times greater than that of lipids in 
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wheat flour. Likewise effect of intact starch on protein hydrolysis being greater than intact lipids, is 
consistent with the ca 50 times greater abundance of starch. In addition, it was observed (Figs. 4.5a-
f) that pre-exposure of wheat flour to typical oral and gastric environment conditions speeds up 
macronutrient hydrolysis. The rate and extent of protein and lipid hydrolysis with intact starch, 
starch and lipid hydrolysis with intact protein, and starch and protein hydrolysis with intact lipids, 
were each higher for the sample pre-exposed to salivary amylase and pepsin compared to non-pre-
exposed ones. This suggests that once the natural matrix has been disrupted by pre-exposure to oro-
gastric conditions, the relative rate of macronutrient hydrolysis is increased as shown in Figs. 4.5a-f.  
Macronutrient interactions, leading to slower digestion may have several health benefits including 
increased satiety and controlled glycemia and lipidemia. In particular, sufficiently slow amylase 
action makes possible the passage of starch to the large intestine which is known to have several 
benefits (Fardet 2015; Gidley 2013; Kumar et al. 2012; Topping & Clifton 2001; Wong et al. 2006). 
Furthermore, it is also likely that food protein (‗resistant protein‘) escaping the small intestine can 
be a good source of nitrogen and carbon for intestinal microbes (Gidley 2013; Kumar et al. 2012; 
Le Leu et al. 2006; Topping & Clifton 2001; Wong et al. 2006). In case of lipids, direct introduction 
of or increase of resistance lipids into small intestine is believed to trigger ileal brake mechanism 
that induce enhanced satiety (Fardet 2015). Lipids in conjugation with amylose forming amylose-
lipid complex have been reported to reduce the rate and extent of starch hydrolysis in vitro and in 
vivo (Ai, Hasjim & Jane 2013; Zhang, Dhital & Gidley 2015). 
The current research, although done in raw wheat flour which is not usually consumed as is, gives a 
clear indication that a single whole food with a complex matrix behaves differently compared to 
isolated nutrients. The choice of wheat flour was based on the importance of the raw ingredient to 
food and the separated nature of starch, protein and lipid components which become more inter-
mixed after food production. The current study thus acts as a baseline that establishes the 
interactions which are present in wheat flour and which are predicted to be present in the more 
complex (i.e. more difficult to analyse in an analogous way) range of foods produced from wheat. 
The interactions among nutrients and binding of enzymes to non-substrate nutrients can create a 
slow and steady release of nutrients from the complex food compared to the risk of a more rapid 
surge of nutrients from isolated ingredients, which can lead to metabolic disorders (Jacobs & 
Tapsell 2013). One implication drawn from the current research is that consuming whole foods with 
complex matrix will have nutritional and health benefits associated with their behaviour in the 
digestive tract. It is now well understood that ingredient based diet has not abated the risk of 
lifestyle-related diseases like obesity, diabetes, cardiovascular disease and cancer and the focus 
should shift towards a more holistic and integrative perspective (Fardet 2015). This reinforces the 
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concept, as discussed by Fardet (2014), that in considering nutritional value, food should not be 
considered simply as the sum of its nutrients but as a structured matrix interacting with macro- and 
micronutrients that determines metabolic fate and health effects inside the body. However it is 
necessary either to preserve the natural food structure or optimize the nutritive value to obtain such 
beneficial effects. The extreme processing conditions currently applied to foods bring about 
fractionation-recombination of food ingredients largely destroying the natural matrix of foods as 
well as health potential (Fardet & Rock 2014).  
4.5 Conclusions 
In the present study, we investigated the interaction between macronutrients as well as binding of 
digestive enzymes on non-catalytic substrates in order to study the effect of complex matrices on 
enzymic susceptibility using wheat flour as a model system. We found that wheat gluten can slow 
down starch hydrolysis in wheat flour, both by binding of amylase on gluten surfaces as well as by 
physical interaction with starch granules. Apart from gluten, minor components such as lipids and 
starch granule surface proteins also have measurable effects on hydrolysis of other macronutrients. 
Furthermore, synergistic effects of alpha-amylase and pepsin acting on starch and protein, as well as 
retention of amylase activity under typical oro-gastric conditions further suggested that salivary 
amylase can play a major role in starch digestion in both the stomach and the small intestine. 
Inhibiting the specific enzymes present in the small intestinal digestive enzyme mixture, pancreatin, 
we further demonstrated that the presence of an intact macronutrient in the digestion system can 
hinder the rate and extent of hydrolysis of other macronutrients. Taken together, these findings 
indicate that macronutrient interactions in plant foods can have a significant effect on enzymic 
hydrolysis of macronutrients and may have relevance in vivo during gastrointestinal digestion as 
well as potential implications for abating diet-related diseases.  
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CHAPTER 5 INTACT CELLULAR STRUCTURE IN CEREAL ENDOSPERM 
LIMITS STARCH DIGESTION IN VITRO  
 
The work described in this chapter has been accepted in Food Hydrocolloids, 2018. 
Bhattarai, RR, Dhital, S, Mense, A, Gidley, MJ & Shi, Y-C 2018, 'Intact cellular structure in cereal 
endosperm limits starch digestion in vitro', Food Hydrocolloids, vol. 81, pp. 139-48. 
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Abstract 
Limiting the rate and extent of starch digestion is a major target for increasing the nutritional value 
of cereal-based foods. One mechanism that could be exploited is the ability of intact cell walls to 
protect intracellular starches from enzyme hydrolysis, but the extent to which this mechanism is 
valid for cereal endosperm cells is not well understood. This study aimed to isolate individual intact 
cellular structures from cereals, viz. wheat and sorghum, in order to elucidate the effect of 
intactness of cell walls on enzymic hydrolysis of entrapped starch. Intact cells were isolated from 
dry milled flour obtained using three grinding rolls coupled with a wet sieving technique using 
selected sieves having varying apertures. The intact cellular structure in wheat and sorghum 
hindered the hydrolysis of entrapped starch as observed from the lower extent of digestion (9 and 
7%) compared to deliberately broken cells (19 and 17% under the same conditions). The extent of 
digestion was markedly increased once the intact cells were cooked (33 and 26% for wheat and 
sorghum cooked cells), but this was less than half the digestion extent of non-encapsulated cooked 
starches (77 and 62% respectively). Microscopic observations coupled with fluorescence labelling 
of enzyme, cell walls and starch suggest a) wheat and sorghum cell walls are effective barriers for 
access of amylase; and b) both an extensive protein matrix (particularly in sorghum) and non-
catalytic binding of amylase on cell wall surfaces can limit the amylolysis of starch within intact 
cells. Furthermore, the presence of incompletely gelatinised starch inside cooked intact cells, 
suggests limited swelling of granules trapped inside the cells. This study shows how preservation of 
cellular matrices in cereal-based foods could be beneficial for increasing the amount of enzyme 
resistant starch in cereals with added nutritional benefits.  
Keywords: Wheat, sorghum, intact cells, starch digestion, non-specific binding 
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5.1 Introduction 
Evidence from both in vitro and in vivo experiments shows that the structure of plant-based foods 
can have a major effect on the digestion of dietary macronutrients. More specifically, enzyme 
susceptibility of starch, proteins and lipids in intact cells and tissues of cereals, legumes, nuts and 
oilseeds are reduced as the macronutrients are encapsulated inside cells walls that are not 
hydrolysed by human digestive enzymes (Berry et al. 2008; Dhital et al. 2016; Edwards et al. 2015; 
Ellis et al. 2004; Livesey et al. 1995; Roman et al. 2017). Edwards et al. (2015) reported the role of 
intact cellular structure in reducing the in vivo human glycaemic response based on a feeding trial of 
porridges made from coarse wheat endosperm particles (2 mm) and fine flour particles (<0.2 mm). 
More recently, Roman et al. (2017) showed that the lower starch digestibility in maize flour from 
cooked hard endosperm compared to a soft counterpart was related to the food matrix. These and 
other studies used fragments of plant tissues consisting of many cells, whereas the contribution of a 
single cellular structure to the digestion of starch in cereals has not been defined to date. Our 
previous studies provided evidence that individual intact cells from legumes are essentially 
impervious to amylase and protease ( Dhital et al. 2016), however, analogous information for the 
case of cereals is lacking. 
The fragile and thin nature of cereal endosperm cells makes them comparatively difficult to isolate, 
particularly under the extended aqueous conditions that are used to separate individual cells from 
legume cotyledons (Dhital et al. 2016). To avoid lengthy exposure to aqueous conditions, we 
hypothesise that the separation of individual intact cereal cells from wheat and sorghum should be 
possible using dry milling (gradual reduction process) with tight control of the particle size. The 
selection of wheat and sorghum for study is based on their high nutritional and functional potential 
as well as their distinct anatomical structures. Whilst sorghum endosperm is harder than wheat 
(Zhao & Ambrose 2016), endosperm in both grains consists of cells surrounded by cell walls and 
containing starch granules embedded in a  protein matrix (Corke 2015; Koehler & Wieser 2013; 
Rooney, Miller & Mertin 1981; Stefoska-Needham et al. 2015; Vu et al. 2017). We hypothesized 
that with the addition of an appropriate amount of moisture, wheat and sorghum endosperm could 
be rendered softer and more friable, such that samples can be gradually reduced using a series of 
selected roller mills to obtain fractions containing individual intact cells. 
In this study, we isolated intact cells from wheat and sorghum and investigated the enzymic 
susceptibility of intact cells compared with flour, broken cells and isolated starches in both raw and 
cooked forms. Identification of how to process cereals into single cell forms provides a new 
paradigm that could lead to enhanced nutritional quality of derived foods. 
 
 61  
 
5.2 Materials and methods 
Hard Red Winter (HRW, Everest, 2015) wheat was obtained from Foundation Seed (Kansas State 
University, Manhattan, KS, USA). White pearled sorghum grain was obtained from Nu Life 
Company (Kansas, USA). Purified α-amylase (Sigma A6255 from porcine pancreas), fluorescein 
isothiocyanate isomer I (FITC, F7250, Sigma), calcofluor-white stain (Sigma, 18909) and 
phosphate buffered saline buffer (PBS; P4417, Sigma, pH 7.2) were purchased from Sigma-Aldrich. 
Enzyme glucose reagent (glucose oxidase/peroxidase; GOPOD) (TR15221) was purchased from 
Fisher Scientific, USA, and amyloglucosidase (E-AMGDF100), total starch assay kit (K-TSTA), α-
amylase assay kit (K-CERA) and integrated total dietary fibre assay kit (K-INTDF 01/17) were 
obtained from Megazyme, Bray, Ireland. 
5.2.1 Optimisation of milling-sieving process 
A combination of dry milling-sifting and wet sieving methods were used to successfully isolate 
individual intact cells from cereals (Chapter 3, Fig. 3.1). The detail description of milling-sieving 
technique used to obtain intact cells are presented in Section 3.2.1, Chapter 3. 
5.2.2 Preparation of broken cells and isolated starch fractions 
In order to investigate the role of cell walls, intact cells were deliberately broken to obtain broken 
cell fractions which were further sieved to obtain starch fractions as described in Section 3.2.3 and 
3.2.4, Chapter 3.  
5.2.3 Compositional analysis of cereal fractions 
Intact/broken cells, flour and isolated starches were analysed for moisture, total dietary fibre (TDF), 
ash, total starch and protein contents using standard analytical methods. The moisture content for all 
samples was determined using an electronic moisture analyser (Sartorius MA35, Goettingen, 
Germany) at 130 
o
C. For the determination of TDF, the integrated TDF assay kit (AOAC method 
2009.01) was employed. The ash content was determined using the AACC International Ash-Rapid 
method (2 h, 600 
o
C). For the determination of total starch, broken cells were used to avoid any 
underestimation in analysis due to encapsulating cell walls present in intact cells. The total starch 
content was determined using the Megazyme total starch assay kit (AOAC Method 996.11). The 
protein content was analysed by using the Dumas protocol (Saint-Denis & Goupy 2004). All 
analyses were performed in duplicate and results expressed on a dry weight basis (db). 
5.2.4 In vitro digestion of cereal fractions 
Starch digestion was carried out under static in vitro digestion conditions using 0.5 unit of α-
amylase and 0.3 unit of amyloglucosidase per mg equivalent of starch as described previously 
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(Dhital et al. 2016). Four cereal fractions each from uncooked and cooked wheat and sorghum viz., 
flour, intact cells, broken cells and isolated starch, were used to address the role played by intact 
cellular structure on amylase digestibility. The cooking of fractions was done in excess water for 30 
min at 70
 
and 75 
o
C respectively for wheat and sorghum. The 5
 o
C difference was used to reflect the 
higher onset temperature of sorghum starch (as observed by DSC, data not shown) whilst avoiding 
excessive heat treatment that may damage the cells. In brief, 10 g of each sample was mixed with 
30 mL of distilled water in a 50 mL falcon tube immersed in a water bath. Gentle mixing was done 
every 5 min, turning tubes upside down 3 times to avoid the settling of cells and for uniform 
mixing. The in vitro enzyme hydrolysis was carried out in a reciprocating water bath operated at 30 
stokes per minutes. Mixing with a stirrer bar was avoided as the localised impact of stirrer bar can 
damage or break the fragile cereal cells. In brief, wet samples equivalent to 50 mg dry starch weight 
was placed in a 50 mL falcon tubes and 10 mL of phosphate-buffered saline (pH 7.2, 0.2 M 
containing 0.02 % (w/v) sodium azide) was added. The samples were then incubated at 37 
o
C in a 
reciprocating water bath for 15 min with very gentle hand swirling and shaking the tubes 
intermittently to avoid settling of cells and assure homogeneity of samples before in vitro digestion. 
Alpha-amylase (Sigma A6255) (50 µL from diluted stock solution, equivalent to 0.5 units per mg of 
starch) and amyloglucosidase (E-AMGDF100) (0.8 µL, equivalent to 0.3 units per mg of starch) 
was then added to the tubes.  The samples in the tubes were mixed using hand swirling every 5 min 
for the initial 2 h and every 10 min thereafter. At defined time intervals between 0 and 6 h, 100 µL 
aliquot was retrieved and mixed with 300 µL of 0.3 M sodium carbonate in an ice bath to stop 
enzyme activity followed by centrifugation at 3000 rpm for 5 min. The glucose content in the 
supernatant was determined using a glucose oxidase colorimetric analysis kit with detection at 
510 nm (Genesys 10S UV-VIS, Thermo-Scientific). A factor of 0.9 was used to convert glucose 
released to calculate % starch hydrolysis. The digested residue for intact cells was collected at the 
end of digestion (6 h) to monitor for changes in intact cellular structure due to hydrolysis. 
5.2.5 Observation of cell walls and starch granules in cereal fractions  
Cell walls and free or entrapped starch granules inside the cereal fractions, before and after 
hydrolysis, were observed by a double staining protocol employing FITC (specific to starch) and 
calcofluor-white (specific to cell walls) using a confocal microscope (LSM 700, Carl Zeiss, 
Germany) at 488 nm (Emmax 525 nm) and 405 nm (Emmax 433 nm) excitation wavelength 
respectively. Control and digested fractions were labelled at room temperature overnight using 
FITC, centrifuged at 3000 rpm for 60 s and then rinsed with Milli-Q water six times to remove the 
excess dye. Confocal microscopic observation was made after treating stained samples with one 
drop of calcofluor-white stain. 
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5.2.6 Visualization of FITC labelled α-amylase bound to starch-cell walls in cereal fractions 
The preparation of FITC (F7250, Sigma) labelled α-amylase (A6255, Sigma) (abbreviated as FITC-
AA) was carried out following the method of (Dhital, Warren, et al. 2014). The unbound FITC from 
the conjugate was separated using a desalting column (Sephadex, PD-10) using phosphate buffered 
saline buffer (PBS, P4417, Sigma, pH 7.2). The enzyme activity was found to be 298 CU/mL after 
FITC conjugation as opposed to 841 CU/mL for the unlabelled enzyme as measured from AOAC 
method (2002.01) 
The binding of FITC- α-amylase (FITC-AA) conjugate to different cereal fractions was assessed 
under non-hydrolysing conditions. Briefly, 1% suspensions of each fraction in phosphate-buffered 
saline (pH 7.2, 0.2 M) in 50 mL falcon tubes were immersed fully in an ice water bath. The 
dispersion was equilibrated for 15 min with continuous shaking followed by addition of 50 µL of 
FITC-AA conjugate and incubated for a further 1 and 4 h in an ice water bath. After 1 and 4 h, 200 
µL aliquots from each tube were transferred to 2 mL Eppendorf tubes and immediately centrifuged 
at 3000 rpm for 120 s. The residue recovered from each fraction after discarding the unbound 
enzyme in the supernatant was observed by confocal microscopy (LSM 700, Carl Zeiss, Germany) 
using an excitation wavelength of 488 nm (Emmax 525 nm) for FITC. Calcofluor-white stain was 
also added to visualise the cell walls in the residue as discussed in section 5.2.5.  
5.3 Results 
5.3.1 Isolation of intact cellular structures 
Intact cells were successfully isolated in the laboratory from wheat and sorghum grains using a 
combination dry milling-wet sieving technique employing two sets of sieves (Fig. 5.1). The 
observations using light (Fig. 5.1a-c, i-k) as well as confocal (Fig. 5.1d-h, l-p) microscopy coupled 
with FITC and calcofluor-white labeling techniques revealed isolation of two categories of cereal 
endosperm cells. The endosperm cells from wheat were elongated (Fig. 5.1c) or round (Fig. 5.1g), 
whereas from sorghum there were both compact (Fig. 5.1o) and loosely held (Fig. 5.1p) intact cells, 
both typical of the outer and inner endosperm respectively (Shull et al. 1990; Toole et al. 2007). A 
more magnified view (40X objective) of elongated (wheat) or compact (sorghum) intact cells, 
shown in Fig. 5.1g, o, demonstrates the tight packing of starch (and proteins) inside intact cells. A 
large proportion of isolated intact cells were single individual cells (Fig. 5.1a, m) whilst a few were 
two cells joined together, either both intact (Fig. 5.1d, i) or one partially broken (Fig. 5.1e, j) which 
were attached with a common middle lamella. The intactness of the cell wall in the isolated cells is 
illustrated in Fig. 5.1h, l. Whilst most of the free starch and proteins were removed by spray 
washing through use of a smaller sized sieve (32 µm) for wheat intact cells, a few sorghum cells 
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still showed starch and protein adhered to intact cells, especially in compact (vitreous) cells (Fig. 
5.1j). This might be due to the presence of a higher amount of protein as well as a more continuous 
protein matrix in sorghum vitreous endosperm compared with the floury counterpart (Shull et al. 
1990). In the present isolation method, for both the cereals, the presence of a small amount of 
partially broken cells and fragmented cell walls was unavoidable due to their similar size to the 
isolation range for single intact cells (Fig. 5.1). However, isolated intact fractions contained mostly 
single cells with unbroken cell walls, sufficient to define the barrier property of cell walls to 
enzymes. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.1. Individual intact cells from wheat (HRW, a-h) and sorghum (i-p) endosperm visualised by 
light microscopy (a-c, i-k) and confocal microscopy (d-h, l-p). Two distinct endosperm cell types- 
elongated (c) and round (g) for wheat, and compact (o) and loose (p) polygonal cells for sorghum 
are clearly visible. FITC (green) and calcofluor-white (blue) labeling revealed the packing of starch 
granules within intact cells. 
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5.3.2 Characteristics of different cereal fractions 
The compositional characteristics of the different cereal fractions are presented in Table 5.1.  
Table 5.1. Chemical composition of different cereal fractions
* 
Cereal fractions  
Total Starch % 
(db) 
Total Protein % 
(db)  
Wheat 
Flour  71.03 12.16  
  (0.95) (0.08)  
Intact cells  70.90 14.60  
 
 (0.46) (0.21)  
Isolated starch  89.39 1.31  
  (0.86) (0.17)  
Sorghum     
Flour 69.67 6.09 
 (0.85) (0.19) 
Intact cells 68.76 6.20 
 
(0.88) (0.02) 
Isolated starch 88.23 2.49 
 (0.43)           (0.06) 
 
*
Note: The values are the means of duplicates and the values in brackets are the standard deviations.  
 
Since the broken cells were derived exclusively from breakage of the intact cells inside a closed 
system (falcon tubes), there was neither addition nor removal of cell wall contents as illustrated in 
Fig. 5.2. Hence, the total dietary fibre (TDF), ash, total starch and protein contents for both the 
intact and broken cells were assumed to be similar. 
 
 
 
 
 
 
 
 
 
1400 rpm 
6 h 
Intact cells Broken cells 
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Fig. 5.2. Schematic diagram showing isolated intact cells and deliberatively broken cells. Starch 
granules are in green and cell wall components in blue; for simplicity, proteins are not shown in the 
diagram. 
The TDF in intact cells (9.36%) was much higher compared to flour (2.34%) or isolated starch 
(0.64%) fractions, particularly for wheat. For sorghum, the TDF content of 4.19% in intact cells, 
2.49% in flour and 0.87% in isolated starch was observed. The higher TDF in wheat intact cells 
might be due to the presence of partial neighbouring cell walls in wheat intact cells (Fig. 5.1 d-h) 
which were largely lacking in sorghum (Fig. 5.1 i-p). The ash content in all the fractions was lower 
than 1%. The total starch content in flour and intact cells was close to 70% whilst isolated starch 
fractions showed a higher content of 89% (dry basis) for both grains. In case of sorghum, the flour 
and intact cells had a similar protein content of ca 6%, which was much lower than wheat (ca 12%), 
but isolated starch fractions in sorghum showed twice (2.5%) the amount of protein as wheat 
(1.3%). 
The structural characteristics of different cereal fractions are presented in Fig. 5.3. It is apparent that 
flour (Fig. 5.3a, e) contained a mixture of intact as well as broken cells with free starch or compact 
starch-protein mass (devoid of cell walls) and fragmented cell walls, whereas intact cells clearly 
possessed distinct unbroken cell walls with single or two adhered cells (Fig. 5.3b, f).  
 
 
 
 
 
 
 
 
 
Fig. 5.3. Confocal microscopic images showing the structural features of different cereal fractions 
(uncooked) for wheat (a-d) and sorghum (e-h); where a, e= flour; b, f= intact cells; c, g= broken 
cells and d, h= isolated starch. FITC (green) and calcofluor-white (blue) labeling revealed the 
nature of starch granules as well as cell walls associated with different cereal fractions. 
a c b d 
e f h g 
Wheat flour Wheat intact cells Wheat broken cells Wheat starch 
Sorghum flour Sorghum intact cells Sorghum broken cells Sorghum starch 
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The isolated starch (Fig. 5.3d, h) is in an apparently pure form with smaller and larger granules both 
in wheat and sorghum. Due to the presence of very thin cell walls (<1 µm, based on microscopic 
observation) in cereal endosperm, the intact cells were completely broken using a magnetic stirrer 
bar with the broken fragments and cell walls dispersed within the starch-protein mixture (Fig. 5.3c, 
g). 
In order to determine the role of intact cellular structure in restricting swelling of starch granules 
inside the isolated cells, the cereal fractions were heated at 70 °C (wheat) and 75 °C (sorghum). At 
this temperature, isolated starches were completely gelatinised (as confirmed from polarised light 
microscopy and DSC, data not shown); however starch granules inside intact cells are only partially 
gelatinised (Fig. 5.4). The partially gelatinised starches are more easily visualised for deliberately 
broken cells after cooking as observed in Fig. 5.4 as 70 
o
C-WIS-P and 75 
o
C-SIS-P.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Raw-WIC-P Raw-WIC-BF Raw-WIS-P 
70°C -WIC-BF 70°C -WIC-P 70°C -WIS-P 
Raw-SIC-BF Raw-SIC-P Raw-SIS-P 
75°C -SIC-BF 75°C -SIC-P 75°C -SIS-P 
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Fig. 5.4. Light microscopic images showing the structural features of uncooked (Raw) vs cooked 
(70, 75 °C) intact cells (IC) and isolated starch fractions (IS) for wheat (W) and sorghum (S), where 
BF= bright field image and P= BF image taken with cross polarisation (Polarised). Though heating 
at 70 or 75 °C resulted in complete loss of birefringence in isolated starch fractions, residual 
birefringence is clearly evident for starch within intact cells (IC) with distinct Maltese crosses. 
Scale bar = 50 µm 
5.3.3 In vitro digestion of cereal fractions 
Figure 5.5 shows the starch digestion in uncooked (a, b) and cooked (c, d) wheat and sorghum 
fractions under in vitro conditions. The extent of starch amylolysis (e.g. after 6h) followed the order 
of starch> broken cells> flour> intact cells for both uncooked samples, with wheat samples more 
digested than corresponding sorghum samples. 
For example, the extents of starch hydrolysis (Fig. 5.5a, b) after 6 h of digestion for wheat and 
sorghum uncooked fractions were ca 24, 19, 15, 9% and ca 19, 17, 14, 7% for isolated starch, 
broken cells, flour and intact cells respectively.  
Reduced enzymatic susceptibility for intact cells was also observed for cooked wheat and sorghum 
fractions, with ca 77, 55, 51, 33% (wheat) and 62, 48, 53, 26% (sorghum) starch hydrolysis at the 
end of digestion (6 h) for isolated starch, flour, broken and intact cells respectively (Fig. 5.5c, d). 
Although the extents of digestion were 3-4 times greater for cooked compared with uncooked 
samples, cooked intact cells showed only slightly greater susceptibility than uncooked isolated 
starches (33 and 26% cf 24 and 19% for wheat and sorghum respectively).  
The relatively low digestion in intact cells for uncooked or cooked (70 or 75°C) cells correlated 
with confocal microscopic images (Fig. 5.6) which revealed that intact cells were essentially 
impervious to amylase action while starch in broken cells was hydrolysed. It is evident in Fig. 5.6 
that undigested intact cells were recovered at the end of 6 h digestion from both uncooked and 
cooked cells (similar to control, Fig. 5.6a-d). A more magnified image demonstrating intact cells 
after 6 h digestion for wheat is shown in Fig 5.6i, j. In addition, it is also evident in cooked samples 
in wheat (Fig. 5.6k) and sorghum (Fig. 5.6l) that cooking caused the rupture of few intact cells and 
released the entrapped starch. This caused the increased enzyme susceptibility of cooked samples as 
demonstrated in Fig. 5.4 wherein, the extent of digestion after 6 h is greater for cooked intact cells 
than it is for uncooked isolated intact cells or starches. The microscopic images also demonstrated 
amylase action on the readily available starch substrate in broken cells through the presence of 
empty (or partially empty) (Fig. 5.6e, f) cell wall structures associated with the broken cells. 
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Fig. 5.5. Progress curves for starch digestion in uncooked (a, b) and cooked (c, d) wheat (a, c) and 
sorghum (b, d) fractions, where WS= wheat starch, WB= wheat broken cells, WF= wheat flour, 
WI= wheat intact cells, SS= sorghum starch, SB= sorghum broken cells, SF= sorghum flour and 
SI= sorghum intact cells. Higher starch hydrolysis values are observed for isolated starch compared 
to intact cells for both grains.  
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Fig. 5.6. Confocal laser microscopic images using FITC (green) and calcofluor-white (blue) 
labeling of uncooked (R) and cooked (70 °C, 75 °C) wheat (W) and sorghum (S) intact cells at the 
end of 6 h digestion. The images show that intact cells are essentially unaffected demonstrating the 
effective enzyme barrier properties of intact cell walls. Fig (i, j) represents a magnified (40X 
objective) image for 6 h hydrolysed uncooked and 70 °C treated wheat intact cells where cell walls 
encapsulated macronutrients remained unaltered whereas those associated with broken cells are 
hydrolysed. Fig (k, l) represents cooked wheat and sorghum images showing breakage of few cell 
walls during cooking and released starches.  
5.3.4 Localization of FITC labelled α-amylase 
The isolated cereal fractions (intact and broken cells) were incubated with FITC labelled α-amylase. 
As shown in Fig. 5.7, it was observed that in intact cells, the enzymes were predominantly bound to 
the outer surface of cells, but in the case of broken cells the enzymes were dispersed either inside 
the entrapped starch (in the case of incompletely broken cells) or among the released starch and cell 
Control-R-W Control-70°C-W 
6 h digestion-R-W 6 h digestion-70°C-W 
a b 
i 
Control-R-S 
c d 
6 h digestion-75°C-S 
h 
6 h digestion-R-S 
g 
Control-75°C-S 
f e 
j 
6 h digestion-R-W 6 h digestion-70°C-W       Cooked-75°C-S   Cooked-70°C-W 
k l 
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wall fragments (in the case of completely broken cells). This binding of α-amylase to both starch 
and cell wall fragments suggests affinity of enzymes towards both catalytic (starch) and non-
catalytic (cell wall) substrates as described recently for isolated fibres (Dhital, Gidley, & Warren, 
2015) and legume cells (Chapter 6).  
  
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.7. Confocal laser scanning micrographs of wheat (W) and sorghum (S) intact cells (IC), 
broken cells (BC) and starch (St) (100 mg in 10 mL) using FITC labelled α-amylase (50 µL; EA 
298 CU/mL) after 1 and 4 h hydrolysis. The labelled α-amylase accumulates on the outer surface of 
cell walls (CW) in intact cells. With broken cells, the enzyme is bound not only to the starch but 
also to the cells walls. This suggests that intact cell walls provide a barrier to diffusion of α-
amylase, and hence the enzyme is localized around the cell walls only, whereas in the case of 
broken cells, the enzyme is dispersed inside the cells to hydrolyse the starch as well as being bound 
SIC-1 h hydrolysis-BF SIC-1 h hydrolysis-CM IC-4 h hydrolysis-BF IC-4 h hydrolysis-BF 
WIC-1 h hydrolysis-BF WIC-1 h hydrolysis-CM 
WBC-1 h hydrolysis-BF 
SBC-1 h hydrolysis-BF SBC-1 h hydrolysis-BF-
CW 
SBC-4 h hydrolysis-BF SSt-1 h hydrolysis-BF 
WBC-1 h hydrolysis-BF-CW 
WIC-4 h hydrolysis-BF 
WBC-4 h hydrolysis-BF WSt-4 h hydrolysis-BF 
WIC-4 h hydrolysis-CM 
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to cell walls. BF indicates bright field image, CM confocal mode image with both views placed 
adjacent to each other for clarity. 
5.4 Discussion  
5.4.1 Isolation of cereal endosperm cells 
The starchy endosperm in cereal grains is surrounded by three distinct anatomical layers- aleurone 
layer, seed coat and pericarp, and is composed of cells, confined by cell walls, filled with starch 
granules embedded in a protein matrix (Bacic & Stone 1981; Rooney, Miller & Mertin 1981). The 
cereal endosperm cell walls of wheat and sorghum consist mostly of heteroxylans together with 
mixed-linkage glucans, cellulose and other minor components (Bacic & Stone 1981; Burton & 
Fincher 2014). This is in contrast to root, tuber, fruits and cotyledon cells that have significant 
amounts of pectin, xyloglucan and cellulose (Burton & Fincher 2014; Le Gall et al. 2015). This 
compositional difference might be a reason for the fragility of cereal endosperm cells upon 
application of physical forces such as milling and grinding. However, it is more likely that the 
thickness of cell walls encapsulating the starch and protein are a major factor, as these appear to be 
about 1 μm (Fig. 5.2), less than that of legume cotyledon cells (~ 2 μm) as shown by (Dhital et al. 
2016). Cells from legumes (Dhital, et al., 2016) and almonds (Grundy et al. 2015) can be isolated 
using hydrothermal treatments and mild physical forces and potato cells can be isolated using mild 
acid-alkali treatments (Gómez-Mascaraque et al. 2017). However, the application of similar 
techniques to isolate the endosperm cells from wheat and sorghum was unsuccessful, resulting in 
major damage to cellular integrity. We investigated alternative approaches such as sodium chloride 
at different concentrations (1-2%) in soaking water (40-50 °C) and treatments with mild acid or 
alkali, singly or in combination, but none of these gave satisfactory cell separation (images not 
shown). Moreover, the use of acid/alkali or salts could have adverse effects on cell wall porosity 
due to selective solubilisation of cell wall polysaccharides or depolymerisation of polymers 
(Comino et al. 2013; Kermani et al. 2014) thus affecting the rate and extent of enzyme action. We 
therefore used an alternative approach based on controlled dry milling and sifting followed by wet 
sieving through selected screens, and successfully isolated intact cells from wheat and sorghum 
grains, as shown schematically in Fig. 3.1 and described in detail in 3.2.1.   
 5.4.2 Enzymic susceptibility of cereal fractions  
Isolated intact cells (53-150 µm) had a much lower extent of starch hydrolysis at the end of 6 h 
digestion compared to broken cells and isolated flour/starch either before or after cooking (Fig. 5.5). 
Comparing between grains, the enzymic susceptibility of starch in sorghum fractions (flour, intact 
cells, broken cells and starch) was lower than for the corresponding wheat fractions. The observed 
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slower digestibility of sorghum compared to wheat is probably due to stronger adherence of starch 
and proteins in sorghum (Wong et al. 2009).   
The cells walls in the intact cells play multiple roles, including a) acting as a barrier for diffusion of 
enzyme, b) providing an adsorptive surface (non-catalytic binding) for alpha-amylase; c) restricting 
the complete gelatinisation of starch, as also found for legume cells (Edwards et al. 2015).  
The intact cellular structure provides an effective barrier for diffusion of enzymes. As presented in 
Fig. 5.5, starch inside uncooked intact cells is hydrolysed only to a low extent (<9%) at 6 hours 
incubation time, almost four times lower than that of isolated starches.  The intact starch granules 
are observed inside the digested cells similar to those in undigested (control) cells, consistent with 
the measured low extent of hydrolysis of starch.  This supports the findings of previous studies 
(Dhital et al. 2016; Grundy et al. 2015) with regards to effective barrier properties of cell walls 
preventing the easy access of enzymes. The current results show that intact uncooked cells from 
wheat and sorghum endosperm are essentially impervious to α-amylase provided that mechanical 
forces (e.g. mixing) are avoided. It seems likely that this is due to a combination of amylase binding 
to cell wall polymers and limited porosity of walls preventing access of non-bound amylase. 
However, and in contrast to legumes (Dhital et al. 2016), the barrier properties of cereal cells are 
partially lost due to cooking. Starch hydrolysis from cooked cells (ca 20%) is more than double that 
of uncooked cells (ca 9%) but still 4 times lower than that of cooked starches (ca 80%). This might 
be due to the breakage of cells during cooking (Fig. 5.6k, l), reflecting the thinner nature of cell 
walls in the two cereals compared with legumes.  
The lower digestion of starch in intact cells is supported by localised accumulation of fluorescently 
labelled amylase at the outer boundary of intact cell walls (Fig. 5.7). Thus the cell walls provide a 
surface for non-catalytic adsorption as previously described for cellulose and wheat bran (Dhital, 
Gidley & Warren 2015). In contrast to intact cells, where the enzymes are predominantly localised 
in peripheral external areas, α-amylases are found to be associated with both fragmented cell walls 
and starches after the cells are mechanically broken (Fig. 5.7). In a previous study using legumes 
under similar digestion conditions, the starch digestibility in legume intact cells was found to be 
lower (ca 5%) than that for cereals found here (ca 9%). This again may be a reflection of thinner 
cell walls in cereal endosperm. Likewise, Edwards et al. (2015) in their study showed that the rate 
of α-amylase hydrolysis of starch entrapped within the cells of coarse wheat endosperm particles (2 
mm) was slower than the exposed starch in the fine flour particles (<0.2 mm). However, although 
postprandial glucose responses from starch digestion in vivo were favourably blunted for 2 mm 
(cooked) particles, analysis of residual digesta at the ileum showed that essentially all starch had 
been digested (Grundy et al. 2015). For maize studied in vitro, Roman et al. (2017) reported higher 
starch digestibility in uncooked hard flour than soft endosperm in maize due to more damaged 
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starch granules after milling. The hydrolysis was however reported to decrease with cooked coarse 
flour due to the presence of plant tissue matrix in hard endosperm (Roman et al. 2017). Although 
these reports hypothesised that the structural integrity of intact cells walls or the presence of a food 
matrix associated with coarser cereal endosperm was the key determinant of the digestion rate of 
starch, in this study using isolated individual cells we demonstrate directly the role of individual cell 
walls in limiting starch digestion in cereal endosperm tissue structures.   
 Along with the barrier and binding properties, intact cell walls also limit the gelatinisation and 
swelling of starch granules inside the cells as heat treatment at 70 or 75 °C retained some 
birefringent property in contrast to isolated starches treated under the same conditions. A similar 
observation of cell walls limiting complete gelatinisation of entrapped starch in isolated intact 
legume cells (Dhital et al. 2016), durum wheat and chickpea (Edwards et al. 2015) as well as in 
milled rice and paddy rice (Sittipod & Shi 2016a, 2016b) have been reported. Partially gelatinised 
starch as a result of cell wall encapsulation (Dhital et al. 2016; Edwards et al. 2015) has been 
reported to limit starch hydrolysis.  
5.5 Conclusions  
We developed a novel technique based on dry milling-sifting coupled with wet sieving to 
successfully isolate fractions rich in intact cells from two cereals, viz. wheat and sorghum. Using 
the isolated intact cells, we have explicitly shown that the intactness of a single cell wall structure in 
cereals is the limiting factor that controls the rate and extent of hydrolysis of starch entrapped inside 
the digestion-resistant cell walls. The milling technique used to generate intact cells might also 
suggest that ingestion of products like the rolled oats, corn meal, and groats that are coarsely ground 
than flour would supply higher levels of dietary non-starch polysaccharides to the colon, as well as 
having a slow digestion property due to the presence of significant proportion of intact cell wall 
structures. Thus controlled milling and sieving are the desirable parameters to achieve low and slow 
digestion of starch in cereals through cell wall encapsulation. The current approach is different to 
―recombining‖ method used by industries to produce whole grain flour with intact bran or germ 
particles, as these components may pose problems in sensorial or functionality attributes (Doblado-
Maldonado et al. 2012). In addition, due to the nature of the current study related to mechanistic 
understandings, such components were avoided as much as possible. Moreover, it is also clear that a 
single cereal cell can act as an efficient barrier to ingress of amylolytic enzyme, provided that 
mechanical damage during digestion is prevented. Considering the fragile nature of isolated cereal 
cells, however, further study is needed to understand their relative integrity during gastro-intestinal 
transit. If the passage of intact cereal cells to the large intestine can be achieved, fermentation of 
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dietary non-starch polysaccharides and resistant starch present in these structures by the resident 
microbiota may produce numerous health benefits. 
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CHAPTER 6 DIGESTION OF ISOLATED LEGUME CELLS IN A 
STOMACH-DUODENUM MODEL: THREE MECHANISMS LIMIT 
STARCH AND PROTEIN HYDROLYSIS 
 
The work described in this chapter has been published in Food & Function 2017. 
Bhattarai, RR, Dhital, S, Wu, P, Chen, XD & Gidley, MJ 2017, 'Digestion of isolated legume cells 
in a stomach-duodenum model: three mechanisms limit starch and protein hydrolysis', Food & 
Function, vol. 8, no. 7, pp. 2573-82. 
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Abstract 
Retention of intact plant cells to the end of the small intestine leads to transport of entrapped 
macronutrients such as starch and protein for colonic microbial fermentation, and is a promising 
mechanism to increase the content of resistant starch in diets. However, the effect of gastro-
intestinal bio-mechanical processing on the intactness of plant cells and the subsequent resistance to 
enzymatic digestion of intracellular starch and protein are not well understood. In this study, intact 
cells isolated from legume cotyledons are digested in a laboratory model which mimics the 
mechanical and biochemical conditions of the rat stomach and duodenum. The resulting digesta are 
characterised in terms of cell (wall) integrity as well as intracellular starch and protein hydrolysis. 
The cells remained essentially intact in the model with negligible (ca 2-3%)  starch or protein 
digestion; however when the cells were mechanically broken and digested in the model, the 
hydrolysis was increased to 45-50% suggesting that intact cellular structures could survive the 
mixing regimes in the model stomach and duodenum sufficiently to prevent digestive enzyme 
access. Apart from intact cell walls providing effective barrier properties, they also limit 
digestibility by restricting starch gelatinisation during cooking, and significant non-specific binding 
of α-amylase is observed to both intact and broken cell wall components, providing a third 
mechanism hindering starch hydrolysis. The study suggests that the preservation of intactness of 
plant cells, such as from legumes, could be a viable approach to achieve the targeted delivery of 
resistant starch to the colon.  
Keywords: legume cells,  stomach model, duodenum model, amylase digestion, barrier properties, 
non-specific binding.
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6.1 Introduction 
Legumes are known to be nutritionally rich foods in part due to their high protein content (Roy, 
Boye & Simpson 2010) as well as slowly digested starch (Würsch, Del Vedovo & Koellreutter 
1986). The rigid cell structure of legumes acts as a physical barrier for diffusion of enzymes inside 
the cell limiting the hydrolysis of enclosed macronutrients, thus decreasing the glycaemic response 
under both in vitro (Dhital et al. 2016) and in vivo conditions (Noah et al. 1998; Tovar, Björck & 
Asp 1992). Macronutrients which remain unhydrolysed (resistant) at the end of the small intestine 
pass into the colon, with well-documented health benefits, particularly for resistant starch (Gidley 
2013; Topping & Clifton 2001). However, in processed foods, due to possible breakdown of 
cellular structure by physical force or thermal energy, the enzyme susceptibility of entrapped 
nutrients could be increased (Fardet 2015; Golay et al. 1986; Mishra & Monro 2012). 
Apart from physical entrapment limiting the diffusion of enzymes, the intact cellular structure also 
limits the amount of water inside the cell, thereby restricting the swelling of starch granules during 
thermal processing (Edwards et al. 2015). Thus, starch within cooked legume cells or tissue shows a 
‗maltese cross‘ birefringent pattern when observed by polarised light microscopy as well as 
exhibiting an endothermic gelatinisation peak by differential scanning calorimetry (Dhital et al. 
2016; Edwards et al. 2015) suggesting that retention of some granular structure could also reduce 
digestive enzyme susceptibility compared to gelatinised starches.  
A few in vivo studies of legume food digestion have shown evidence for survival of some legume 
cells to the end of the small intestine in the digestive tract of rats (Tovar, Björck & Asp 1992) and 
humans (Noah et al. 1998). Noah et al. (1998) hypothesized that the mechanical action and acidity 
in the stomach might lead to the breakdown of cell walls releasing entrapped starch and proteins, 
however, there are no reports on the behaviour of legume cells in the stomach and duodenum (first 
section of the small intestine) under in vivo conditions. Previous in vivo studies used whole or 
processed legumes representing (after chewing) a mixture of intact cells and broken cells as well as 
released starch and proteins.  
In this study, in order to address the integrity of cells under gastric-duodenal conditions, a Dynamic 
In vitro Rat Stomach Duodenum (DIVRSD) model, that mimics the mechanical and biochemical 
conditions occurring in the rat stomach and duodenum (Wu et al. 2017) is used to study the physical 
integrity as well as the enzymic hydrolysis of entrapped nutrients using isolated legume cells 
(Dhital et al. 2016) that are devoid of released starch/proteins and broken cells. As the integrity of 
legume cells is the limiting factor affecting the rate and extent of starch/protein hydrolysis (Dhital et 
al. 2016), a dynamic model such as the DIVRSD is appropriate. 
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It has been previously reported that the DIVRSD model captures the main mechanical and bio-
chemical events occurring in the rat stomach and duodenum (Wu et al. 2017; Wu et al. 2014). The 
rate and extent of food digestion in the DIVRSD model was found to be statistically similar to that 
found for rats in vivo (Wu et al. 2014). Whilst the rat model does not represent human dimensions, 
the mechanical forces and biochemical mechanisms involved in gastro-duodenal digestion in rats 
and humans are similar (Wu et al. 2014). Thus use of the DIVRSD model to study the behaviour of 
food can be justified as an alternative to static (Minekus et al. 2014), or dynamic (Thuenemann 
2015) in vitro models widely used for such studies. 
In addition to physical entrapment, the binding of enzymes to legume cell walls was investigated, as 
non-specific binding of enzymes to cell wall substrates can reduce the enzyme available for 
hydrolysis of starch (Dhital, Gidley & Warren 2015) and proteins. The limited enzyme digestibility 
of starch (and protein) in legume cells is thus described as a combination of at least three 
mechanisms viz. intact cells encapsulating the starch and protein, nonspecific binding of enzymes to 
cell wall components, and limited swelling of cell wall encapsulated starch during cooking.  
6.2 Materials and methods 
Seeds of four legumes, chickpea (CP), pea (P), mung bean (MB) and red kidney bean (RKB) were 
procured from a local shop in Brisbane, QLD, Australia and used as such for isolation of intact 
cells, starch and cell wall components.  
Purified α-amylase (Sigma A6255 from porcine pancreas), pancreatic amylase (Sigma A-3176 from 
porcine pancreas), pepsin (Sigma P-6887 from gastric porcine mucosa), pancreatin (Sigma P-1750 
from porcine pancreas), porcine bile extract (Sigma B8631), viscozyme® L (Sigma, V2010), 
trichloroacetic acid (TCA) (Sigma 522082), fluorescein isothiocyanate isomer I (FITC, F7250, 
Sigma), calcofluor-white stain (Sigma, 18909), 4-Hydroxybenzhydrazide (PAHBAH, Sigma, 
H9882), azocasein protease substrate (Sigma A2765)  and trizma base (Sigma TR1503) were 
purchased from Sigma-Aldrich. Enzyme glucose reagent (GOPOD) (TR15103) and Pierce BCA 
protein assay kit (23225) was purchased from Thermo Scientific, Sydney, Australia, and 
amyloglucosidase (E-AMGDF100) and total starch assay kit (K-TSTA) was obtained from 
Megazyme, Bray, Ireland. 
6.2.1 Preparation of intact cells, starch-protein fractions and cell wall components 
The isolation of cooked intact legume cells, starch and protein fractions as well as cell wall 
components was carried out as described in Section 3.2.3, 3.2.4 and 3.2.5 in Chapter 3. The 
moisture, total starch and protein contents were determined as discussed in following Section 6.2.1 
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and the final dry matter content for all the samples was adjusted to 25%. The samples were then 
incubated at 37 
o
C in a water bath with very gentle stirring (<100 rpm) for 30 min to assure 
homogeneity of samples before in vitro digestion in the DIVRSD model.  
6.2.2 Determination of total starch, total protein and moisture contents 
The total starch content was determined using the Megazyme Total Starch Assay Kit (K-TSTA) 
following the manufacturer instructions. The intact cell structure was damaged overnight by mixing 
with stirrer bars as described in Section 6.2.1 so as to avoid underestimation of starch content due to 
intact cellular structure (Dhital et al 2016). The protein content for intact legume fractions and 
starch-protein samples were analysed by combustion (Dumas) protocol using a LECO TruSpec 
analyser. The moisture content for intact/broken legume fractions, starch-protein sample and cell 
walls were determined using oven drying at 95 
o
C overnight under vacuum. All analyses were 
performed in duplicate and results expressed on percentage dry basis. 
6.2.3 In vitro digestion using DIVRSD model 
The in vitro digestion representing the gastric and small intestinal phases for determination of 
hydrolysis rate and extent of starch and protein in isolated cooked legume cells was carried out for 
both intact and broken cells using the DIVRSD model as described below. The detailed working 
principle and methodology of the model has been described in Chapter 3, Section 3.2.5. 
Intact or broken legume cells (10 g) adjusted to 25% w/w dry matter (giving a homogeneous pasty 
consistency) were placed in 50 mL falcon tubes and 1 mL of α-amylase (Sigma A3176) (0.5 U/mg 
starch) in carbonate buffer (pH 7.0 containing 14.4 mM sodium hydrogen carbonate, 21.1 mM 
potassium chloride, 1.59 mM calcium chloride and 0.2 mM magnesium chloride) was added. The 
tubes were then incubated for 30 s at 37 °C and the contents introduced into the stomach region of 
the DIVRSD model with controlled gastric juice (pepsin 188 U/mg protein in 0.02 M HCl, pH 2) 
secretion rates as follows, which is based on in vivo rat stomach experiments (Chen et al. 2013; Wu 
et al. 2014): 
Time (min) 0-10 10-20 20-40 40-60 60-120 
Rate (µL/min) 10 20 40 20 10 
 
Samples were then continuously (~90 µL/min) passed into the duodenum to undergo simulated 
intestinal digestion. There, 30 µL/min pancreatin enzyme mix in phosphate buffered saline buffer 
(pH 7.2, 0.2 M) (containing 2 mg/mL pancreatin, 28 unit of amyloglucosidase and 5 mg/mL bile 
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salt) was continuously added to the digestion process. A constant enzyme to substrate ratio was kept 
during the whole digestion process. The DIVRSD model system was maintained at 37 °C with 
compression-rolling extrusion creating 3 contractions per minute in the stomach while a rolling 
extrusion produced 36 contractions per minute in the duodenum chamber equivalent to a force of ca 
3.5 N (Wu et al. 2017) in each chamber. The digested aliquot from the duodenal phase was 
collected in 15 mL falcon tubes at defined intervals up to 120 min (0, 15, 30, 60, 90 and 120 min) 
and placed into a boiling water bath for 5 min to stop the enzymatic activity. The volume collected 
was measured, the tube contents gently shaken for homogenous sampling, and immediately 
analysed for starch and protein hydrolysis as described below. 
Determination of starch hydrolysis 
Digested aliquots (1.5-2 mL) from duodenal phases (Section 2.2) were centrifuged at 6000 × g for 
60 s. Since the pancreatin enzyme mix (Section 2.2) contained the amyloglucosidase, glucose was 
the sole end-product. The glucose content in the supernatant was determined using a glucose 
oxidase colorimetric analysis kit with detection at 505 nm (Pharmacia LKB-Ultrospec III, UK). A 
factor of 0.9 was used to convert glucose released to calculate % starch hydrolysis. 
Determination of protein hydrolysis 
The protein content in the supernatant from the duodenal digestion phase (Section 6.2.2) was 
measured using the Pierce BCA protein assay kit (Product No. 23225) according to the 
manufacturer‘s protocol. To separate the small peptides and amino acid residues produced by 
proteolysis (Lamothe et al. 2014), 100 µL trichloroacetic acid (TCA, 24%) solution was added to an 
equal volume of digested aliquot making 12% (w/w) TCA in the final mixture. The mixture was 
then vortexed, incubated for 15 min at room temperature and centrifuged at 15000 × g for 15 min. 
Protein in the supernatant was determined using bovine serum albumin as standard. The results 
were expressed as the percentage protein hydrolysis based on the amount of protein in the 
supernatant compared with the total protein content.  
6.2.4 Determination of amylase and protease activities 
For determination of amylase activities in pancreatin and commercial amylase preparations, α-
amylase equivalent to approximately 0.02 unit per mg of cooked starch was used to hydrolyse 10 
mL of cooked potato starch (1% soluble potato starch cooked at 95 °C for 15 min in PBS buffer pH 
7.2, 0.2 M) under mixing conditions. At defined time intervals between 3 and 30 min, 100 µL 
aliquot was retrieved and mixed with 300 µL of 0.3 M sodium carbonate in ice bath to stop enzyme 
activity and centrifuged at 6000 × g for 60 s. The maltose concentration in the supernatant was 
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determined using the para-hydroxybenzoic acid hydrazide (PAHBAH) assay and the activity 
expressed as nmol/min/mL. For this assay, 1 mL of a freshly prepared mixture (9:1) of 0.5 M 
sodium hydroxide and 5% (w/v) PAHBAH in 0.5 M hydrochloride was added to 100 µL of 
supernatant. The mixture was then heated in boiling water for 5 min, cooled to room temperature 
and the absorbance was measured at 410 nm using maltose as standard. 
For the determination of protease activity in pancreatin, azocasein digestion assay
 
with some 
modifications due to Coêlho et al. (2016) and Benitez, Silva & Finkelstein (2001) was used. Briefly, 
100 µL of azocasein (5 mg/mL) in 100 mM Tris (T1503 Sigma, pH 8.0) was incubated with 100 µL 
of enzyme solution for 30 min at 37 °C. The reaction was stopped by the addition of 750 µL of 5% 
trichloroacetic acid (TCA). After centrifugation at 2000 × g for 10 min, the trichloroacetic acid 
supernatant was added to a 0.5 N NaOH using a 1:1 (v/v) ratio, and the optical density was 
determined at 440 nm. The blank was obtained by mixing the TCA to the substrate prior to the 
enzyme addition. One proteolytic unit was defined as the amount of the enzyme that released 1 µg 
of tyrosine per min under 37 °C and pH 8.0. L-tyrosine standard curve was used to calculate 
enzyme activity using 10 to 150 mg/mL tyrosine in 100 mM Tris (pH 8.0). 
6.2.5 In vitro starch hydrolysis of starch-protein-cell wall component mixtures 
Starch-protein and cell wall components from isolated raw intact chickpea cells were mixed at 
different ratios (1:0.5 to 1:2) and monitored for starch and protein hydrolysis using static in-vitro 
digestion as outlined in Section 4.2.1 and 4.2.2 in Chapter 4. For amylase and protease digestion of 
starch-protein-cell wall component mixtures, 15 mg/mL of pancreatin and 80 unit of 
amyloglucosidase per mg of starch were used. Starch-protein and cell wall components of varying 
amounts were weighed (100 mg in total) to obtain desired ratios in 50 mL falcon tubes followed by 
addition of 10 mL of phosphate buffered saline (pH 7.2, 0.2 M containing 0.02 % (w/v) sodium 
azide). The mixture was incubated at 37°C under constant stirring (100 rpm) with a 3 mm × 6 mm 
magnetic stirrer bar. After 0, 5, 10, 15, 30, 45, 60, 90 and 120 min, a 100 µL aliquot was pipetted, 
and mixed with respective stop solutions for starch and protein determination as described in 
Section 6.2.3.  
In a separate experiment, the effect of enzymatic removal of the cell wall from cooked intact 
chickpea cells on starch hydrolysis was investigated. For this, slight modifications to (Guan & Yao 
2008) methodology was employed for viscozyme® L treatment of intact chickpea cells. Briefly, 
one g of intact chickpea cells were added to 10 mL of Milli-Q water and mixed to obtain a 
homogenous dispersion. The pH of the solution was adjusted to 5.0 using 0.5 M HCl and 
viscozyme® L (50 FBG, 0.5 mL) was added. The activity of viscozyme® L was 100 Fungal Beta-
Glucanase Units (FBGU) mL
-1
, in which one FBGU is the amount of enzyme required under the 
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standard conditions (30 
o
C, pH 5.0 and 30 min reaction time) to hydrolyze barley β-glucan to 
reducing carbohydrates, with a reducing power corresponding to 1 µmol glucose min
-1
. The mixture 
was then incubated in a water bath at 40 
o
C for 30 min with continuous stirring at 100 rpm. The 
samples were centrifuged at 2000 × g for 5 min, supernatant was discarded, the residue mixed with 
10 mL of phosphate buffered saline buffer (pH 7.2, 0.2 M containing 0.02 % (w/v) sodium azide) 
and digested with α-amylase (Sigma A6255) as described above. Digestion in a control (without the 
amylase) was also monitored. 
6.2.6 Observation of cell walls and starch granules  
Cell walls and starch granules trapped inside isolated cooked chickpea cells, before and after 
viscozyme® L treatment, were observed by a double labelling technique employing FITC (specific 
to starch) and calcofluor-white (specific to cell walls) using a confocal microscope (LSM 700, Carls 
Zeiss, Germany) at 488 and 405 nm excitation wavelength respectively. Control (no viscozyme® L 
treatment), viscozyme® L treated and digested samples were stained at room temperature for 1 h 
using FITC, centrifuged and then rinsed three times with Milli-Q water to remove the excess dye. 
Confocal microscopic observation was made after treating stained samples with calcofluor-white.  
6.2.7 Amylase-starch-cell wall component interactions  
A solution depletion method (Dhital, Gidley & Warren 2015) was used for investigation of binding 
interactions between amylase and cell wall components under non-hydrolysing conditions at 0
o
C. In 
brief, various ratios of starch to cell wall components (1:0.1 to1:2) from isolated raw intact chickpea 
were incubated with 0.5 units of α-amylase (Sigma A6255) in 10 mL of phosphate buffered saline 
(pH 7.2, 0.2 M) for 30 minutes with intermittent mixing at 0 
o
C (ice water bath). An aliquot (250 
μL) was then transferred into a micro-centrifuge tube, centrifuged at 6000 × g for 60 s and 50 μL of 
supernatant (containing unbound enzyme) was then used to hydrolyse 10 mL of cooked starch (1% 
soluble potato starch cooked at 95 
o
C for 15 min in phosphate buffered saline (pH 7.2, 0.2 M) under 
mixing). This enzyme volume is equivalent to 0.02 unit of α-amylase per mg of cooked starch, 
assuming none of the enzyme had bound to cell wall components. At defined time intervals between 
3 and 30 min, 100 µL aliquots were mixed with 300 µL of 0.3 M sodium carbonate in an ice bath to 
stop the enzymatic reaction, and immediately centrifuged at 6000 × g for 60 s. The supernatant was 
used to determine the reducing sugar content using the PAHBAH assay (described in Section 6.2.3) 
and expressed as % starch hydrolysis using a factorial of 0.95.  
6.2.8 Fluorescent labelling of α-amylase  
FITC labelled α-amylase (FITC-AA) was prepared as described previously (Dhital, Warren et al. 
2014). Briefly, α-amylase was labelled with fluorescein isothiocyanate isomer I at 10 × molar 
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excess in carbonate buffer (0.1M, pH 9). A desalting column (Sephadex, PD-10) eluted with 
phosphate buffered saline (pH 7.2, 0.2M) was used to separate the unbound FITC from the 
conjugate. Following labelling, the enzyme solution was immediately aliquoted and frozen for 
storage. The enzyme was defrosted immediately prior to use. 
6.2.9 Visualization of α-amylase bound to starch-protein-cell wall components  
The binding of FITC-AA conjugate to starch-protein and starch-cell wall components was 
monitored at 0 °C following the method described previously (Dhital, Warren et al. 2014). A 1% 
dispersion of starch-protein and starch-cell wall components (90% starch/protein-10% cell wall 
component; 10 mL) in phosphate buffered saline (pH 7.2, 0.2 M) in 50 mL falcon tubes was 
immersed fully in an ice water bath. The dispersion was equilibrated for 15 min with continuous 
stirring at 100 rpm followed by addition of 50 µL of FITC-AA conjugate and incubated for a further 
30 minutes. After 30 min, 100 µL aliquots were transferred to 1.5 mL microcentrifuge tubes and 
immediately centrifuged at 6000 × g for 60 s. The residue (starch-protein/starch-cell wall 
components pellet) was recovered after discarding the unbound enzyme in the supernatant. The 
enzyme bound to starch-protein/starch-cell wall components was observed by confocal microscopy 
(LSM 700, Carls Zeiss, Germany) using an excitation wavelength of 488 nm for FITC. 
6.2.10 Data fitting to first order kinetics  
Progress curves of starch and protein hydrolysis were fitted using first order (Al-Rabadi, Gilbert & 
Gidley 2009; Dhital et al. 2017) and LOS models and the digestion rate coefficient k determined as 
described elsewhere (Butterworth et al. 2012; Edwards et al. 2014). As discussed previously (Dhital 
et al. 2016), the rate coefficient varies among the models used as well as the amount of enzyme and 
physical conditions of the substrates (e.g. intact vs broken). The use of two different models allow 
us to capture this variation as well as to define the appropriate model for the hydrolysis under our 
experimental protocol. 
6.3 Results 
The digestive behaviour of isolated legume cells under conditions similar to those present in the 
stomach and small intestine, as well as the mechanisms controlling starch and protein hydrolysis 
under these conditions were studied using A): a laboratory model which mimics mechanical and 
biochemical conditions present in the rat stomach and duodenum with analysis of starch and protein 
hydrolysis, and B): model systems consisting of mixtures of starch and cell wall components with 
analysis of starch digestion using α-amylase. 
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6.3.1 Hydrolysis of starch and protein for intact and broken cells 
The chemical composition of different legume fractions and starch-protein samples are presented in 
Table 6.1. It is evident in Table 6.1 that despite differences in total starch and protein contents 
between chickpea and pea, the ratio of starch to protein (S/P) is similar. Due to relatively higher 
amount of total protein in mung bean as opposed to red kidney bean, the former showed a lower 
S/P. Concerning the enzyme activities, it was found that amylase activity from porcine pancreas in 
Sigma A6255, Sigma A3176 and P-1750 were found to be 9.99, 9.04 and 3.94 nmol/min/mL 
respectively. Likewise, protease activity in pancreatin P-1750 was determined to be 21.28 
mmol/min/mL. 
Table 6.1. Chemical composition of different legume fractions and starch-protein mixture 
  
Percentage (db) 
  Legume fractions DM Total starch (S) Total protein (P) Ratio (S/P) 
Chickpea 21.33±1.04 57.19±0.48 20.55±0.48 2.78 
 (18.32±1.09)    
Pea 22.05±0.25 64.76±1.76 23.19±0.27 2.79 
 (20.19±1.06)    
Mung bean 20.31±1.52 62.14±0.29 25.50±0.42 2.46 
 (19.71±1.10)    
Red kidney bean 19.30±0.59 57.29±0.85 21.54±0.21 2.66 
 (20.22±0.65)    
Starch-protein 20.04±0.82 90.17±1.85 9.60±0.99 9.39 
Cell walls 19.51±0.21 - - - 
 
Note: DM represents the % dry matter where the values in the brackets represents dry matter 
contents in the broken cells. The values are the means of duplicate. 
As shown in Fig. 6.1, starch and protein hydrolysis rates are higher when the cellular structure is 
physically broken compared to intact cells where very slow hydrolysis is observed. In both cases, 
the starch and protein digestibility of mung bean cells are higher compared to other legumes 
studied. Starch hydrolysis (Fig. 6.1a) extents after digestion for 120 min for broken cells are ca 51, 
48, 43 and 32% for mung bean, pea, chickpea and red kidney bean respectively, with corresponding 
calculated first order rates (k value, min
-1
) of 0.0056, 0.0052, 0.0044 and 0.0031 (Fig. A5 a), 
however the corresponding values from LOS plot are 0.0194, 0.0201, 0.0177 and 0.018 respectively 
(Fig. A5 b). It is to be noted that we exclude the calculation of C from LOS equation as the 
mechanism of enzymic action and intact cells are different. The physical barrier of cell walls is the 
primary rate-limiting step for the intact cells whereas starch structural feature and cell wall 
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fragments inhibiting the enzyme action controls the rate of hydrolysis in case of broken cells. The 
same order of susceptibility to 120 min starch hydrolysis of around 3.0, 2.5, 2.2 and 2.0% 
respectively for intact mung bean, pea, chickpea and red kidney bean was found (Fig. 1a) with 
corresponding calculated rates of 0.0002, 0.0002, 0.0002 and 0.0003 using first order model (Fig. 
A4 a). However, LOS model did not fit well with intact cells (Fig. A4 b) suggesting the starch 
hydrolysis is not truly a first order kinetics. 
 
 
 
 
 
 
 
 
 
 
Fig. 6.1 Progress curves of starch (a) and protein (b) hydrolysis for intact (I) and broken (B) cells in 
rat stomach duodenum model where MB= mung bean, RKB= red kidney bean, CP= chickpea and 
P= pea. It is evident that higher starch and protein hydrolysis values were observed for mung bean 
compared to other legumes both in intact and broken cells. Insets show magnifications of progress 
curves for intact cells. The corresponding first order and LOS plots are presented in Appendix 
section Fig. A4, A5. 
Protein hydrolysis extent (Fig. 6.1b) after 120 min digestion was 48, 41, 40 and 33% for broken 
cells from mung bean, chickpea, pea and red kidney bean respectively. The calculated rates (k 
value, min
-1
) of protein hydrolysis using first order model (Fig. A5 c) are 0.0052, 0.0043, 0.0042 
and 0.0032, while values using LOS model (Fig. S2 d) are 0.0224, 0.0175, 0.0181 and 0.016 
respectively for these samples. Both the model revealed a perfect fit to the protein hydrolysis data 
for broken cells. Protein hydrolysis (Fig. 6.1b) values after120 min digestion are 2.2, 2.0, 1.7 and 
1.6% for intact mung bean, pea, chickpea and red kidney bean respectively. In contrast to broken 
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cells, the data for protein hydrolysis in intact cells are not fitted using both the kinetic models. 
Interestingly, starch and protein are hydrolysed to similar extents within the DIVRSD model. 
Although the gastric condition used (pH 2) is more favourable for proteolytic enzymes (pepsin), 
alpha amylase is still active and retains some amylolytic activity even at pH 2 (Section 4.3.4, 
Chapter 4). Kinetic analysis using first-order plots (Fig. A4 a, c) and LOS model (Fig. A4 b, d) 
revealed that starch and protein entrapped inside intact cell walls do not follow general first-order 
kinetics in contrast to broken cells (Fig. A5), as can be inferred from Fig 6.1a for starch.  
6.3.2 Confocal laser scanning micrographs of intact and broken legume cells  
Fig. 6.2 shows confocal laser scanning micrographs of isolated intact mung bean (A, B) and red 
kidney bean (C, D) cells stained with calcofluor-white before and after 120 min digestion. It is seen 
that the isolated cells of both mung bean and red kidney beans appear intact even after 120 min of 
hydrolysis in the DIVRSD model. This retention of cellular structure clearly hindered the amylase 
and protease digestion of starch and protein respectively as shown in Fig. 6.1. 
Representative images of physically broken mung bean and kidney bean cells stained with 
calcofluor-white are shown in Fig. 6.3. Mung bean cell walls are more fragile and broken to finer 
particles compared to red kidney bean samples (Fig. 6.3A) under the mixing conditions used. After 
being in the DIVRSD model for 120 min, the mung bean cells are further degraded whereas for red 
kidney bean cells, microscopic images of control and 120 min digesta are similar. This suggest that 
cell wall fragility is a biological variable that may differ among legume samples. The more fragile 
nature of the mung bean cells studied here is likely to be one of the reasons behind the higher 
digestibility of starch and protein for both intact and broken mung bean cells compared to other 
cells. However as only one sample of each legume was studied, these results cannot be generalised 
to other samples/varieties of the legumes tested.  
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Fig. 6.2 Confocal laser scanning micrographs of isolated intact mung bean (A, B) and red kidney 
bean (C, D) cells stained with calcofluor-white. Cell walls labelled with the dye appear intact 
without visible cracks or breakage. 
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Fig. 6.3 Confocal laser scanning micrographs of isolated broken mung bean (A, B) and red kidney 
bean (C, D) cells stained with calcofluor-white.  
6.3.3 Localization of FITC labelled α-amylase 
Isolated legume cells (intact and broken) were incubated with FITC labelled α-amylase. It is 
observed that in intact cells, the enzymes are predominantly bound to the outer surface of cells (Fig. 
6.4), but in the case of broken cells (Fig. 6.5) the enzymes are dispersed among the released starch 
and cell wall fragments suggesting affinity of enzymes towards both catalytic (starch) and non-
catalytic (cell wall) substrates.  
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Fig. 6.4. Confocal laser scanning micrographs: FITC labelled α-amylase (50 µL; 9.99 
nmol/min/mL) binding to cell walls in intact (I) legume cells (10 mg in 10 mL). As intact cell walls 
provide a barrier to α-amylase, the enzyme is localized around the cell walls only and could not 
penetrate inside to hydrolyze internal contents. 
 
 
 
 
Chick pea-I 
Mung bean-I Red kidney bean-I 
Pea-I 
91 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.5 Confocal laser scanning micrographs: FITC labelled α-amylase binding to both starch and 
cell wall fragments in broken (B) legume cells. It is evident that α-amylase not only binds to starch 
granules but also to cell wall components in all legume types. 
6.3.4 Non-specific binding of α-amylase to proteins and legume cell walls 
It is observed (Fig. 6A) that the addition of cell wall components to isolated legume starch (starch: 
cell wall components =1:0.5) decreased starch hydrolysis to 35% from 43% after 120 min digestion. 
Further increase in the amount of cell wall components to 1 or 2 times the amount of starch resulted 
in further decreases in 120 min starch hydrolysis to ca. 30 and 20% respectively.  Considering the 
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overall rate coefficient, the addition of cell wall components lowered the rate from an initial value 
of 0.0058 (control) to a final value of 0.0027 (1:2) as revealed using first order model (Fig. A6 a). 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.6 Progress curves for starch (A) and protein (B) hydrolysis for isolated raw chickpea 
starch/protein without (Control, denoted by C) and with added cell wall components (proportion of 
1:0.5-2). It is observed that with added cell wall components, starch hydrolysis is decreased 
markedly (A) whereas protein hydrolysis is only slightly affected (B); (C, D) Confocal laser 
scanning micrographs: FITC labelled α-amylase binding to starch and cell wall components (C) and 
to starch and proteins (D). The corresponding first-order and LOS plots are presented in Appendix 
section Fig. A5 a, b and Fig. A6 a, b. 
A decrease in overall rate from 0.0179 to 0.0146 for these samples was demonstrated using LOS 
model (Fig. A6 b). Likewise but to a lesser extent, as evident in Fig. 6B, added cell wall 
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components decreased protein hydrolysis from 24 % (control) to 20% (1:2) with corresponding k 
values of 0.0015 to 0.0012 (first order, Fig. S4 a) and 0.0198 to 0.0188 (LOS model, Fig. A7 b) 
respectively, suggesting the higher affinity of α-amylase towards non-specific cell wall binding 
compared to proteases. This difference in relative properties of digestive enzymes needs further 
investigation. Fig. 6.7A shows the activity against cooked soluble potato starch of un-bound α-
amylase, retrieved from incubation mixtures consisting of cell wall components and/or starch 
granules/proteins.  
 
 
 
 
 
 
 
 
Fig. 6.7(A) Activity assay of non-bound α-amylase on cooked soluble potato starch where E=α-
amylase, S= starch and CW= Cell wall components. The residual amylase action decreased with 
unbound enzyme retrieved from starch/protein and/or cell wall components added to digestion 
mixtures compared with control (no added cell wall components or starch/protein). The 50 µL of 
FITC labelled α-amylase was used for starch-protein-cell wall components in 10 mL buffer where 
enzyme activity in the labelled enzyme was 9.99 nmol/min/mL. (B) Progress curve for starch 
hydrolysis for cooked chickpea (CP) without viscozyme® L treatment (Control, CPC) and after 
viscozyme® L treatment (CP+V). The first order fits of the data are shown in Appendix section Fig. 
A6 c, d. 
The enzyme activity of residual α-amylase collected from the supernatant was found to be 
considerably lower than that of control (enzyme in the absence of cell wall components or starch 
granules/proteins), suggesting binding of α-amylase to cell wall components as well as starch and 
proteins. With control (α-amylase alone), % residual amylase action was highest (7.6%) compared 
to starch (6.2%) or cell wall components-starch (4.7-5.5%) added samples (Fig. 6.7A). The decrease 
in amylase action was more pronounced (approx. 2.4 times) with higher amounts of cell wall 
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component added as shown in Fig. 7A with corresponding  calculated rates (k value, min
-1
) of 
0.1264 (E) and 0.0534 (S + CW 1:2) for these samples. Thus, α-amylase not only binds to its 
preferred substrate-starch, but also shows strong binding affinity to cell wall components, as shown 
previously for cellulose
 
and wheat bran (Dhital, Gidley & Warren 2015).  
6.3.5 Effect of removal of cell wall on legume starch hydrolysis 
In order to probe the effect of cell wall removal on starch hydrolysis, cooked intact chickpea cells 
were treated with viscozyme® L for 40 min followed by 120 min amylase digestion.  Starch 
hydrolysis (Fig. 6.7B) in intact chickpea cells that had been previously incubated with 
viscozyme® L was found to be considerably greater (ca 45%) than that of control (ca 1%, no 
viscozyme® L treatment). Whilst, kinetic analysis using LOS model did not fit the experimental 
data (R
2
 < 0.80), using first order revealed two distinct linear phases as the fast rate and slow rate 
with corresponding calculated rate coefficients of 0.0107 and 0.0014 respectively for viscozyme® L 
treated sample as opposed to a single rate coefficient of 0.0001 for control (Fig. A6 d), suggesting 
effective removal of barriers to  access of α-amylase to starch. After viscozyme treatment, the end-
point of starch digestion was similar to that for mechanically-broken cells (Fig 6.1), but the curve 
shapes were different showing that enzymic digestion and mechanical breakage of walls have subtly 
different consequences, possibly due to effects of mechanical but not enzymic treatment on 
starch/protein interactions. 
In order to visualise the effects of viscozyme® L treatment, cell wall integrity and starch location 
was assessed (Fig. 6.8). It is seen through calcofluor-white (cell wall stain) and FITC (starch stain) 
labelling in Figure 6.8 that cell walls and the enclosed components, particularly starch are unaltered 
in control sample (Fig. 6.8A). After incubation with viscozyme® L for 40 min, the cell walls from 
most of the cells were either partially or completely hydrolysed while a few were more intact but 
with visible pores (Fig. 6.8C, D). It is interesting that cells retain a compact structure of intracellular 
starch-protein after apparent removal of the cell wall (Fig. 6.8C). Following 120 min amylase 
digestion, partial starch depletion is evident (Fig. 6.8E, F) consistent with the ca 45% digestibility 
shown in Fig. 6.7B. 
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Fig. 6.8. Confocal laser scanning micrographs of isolated cooked chickpea cells showing 
viscozyme® L treatment followed by amylase digestion. Intact chickpea cells double stained with 
calcofluor-white and FITC (A), calcofluor white stain showing intact cell walls (B), viscozyme® L 
treated chickpea cells (C), calcoflour-white stained viscozyme® L treated cells (D), T-PMT 
(transmission photomultiplier, i.e., bright field image) view of 120 min amylase digested chickpea 
cells (E) and calcofluor-white-FITC stained viscozyme® L treated cells (F). It is evident that intact 
cell walls (A) are removed after viscozyme® L treatment or made more porous (C, D) with the 
starch is still intact, but after 120 min digestion there is little intact undigested starch (E, F). 
6.4 Discussion 
Isolated legume cells were investigated for their capacity to resist the mechanical conditions 
encountered in the stomach and duodenum sections in a rat model sufficiently to limit subsequent 
starch and protein hydrolysis. The present results show that the restricted enzyme digestion 
characteristic of legumes comes from a combination of factors that include the cell‘s ability to resist 
the mechanical force occurring in stomach and duodenum limiting the diffusion of digestive 
enzymes inside the cells as well as cell wall components binding digestive enzymes.  
It is observed from Fig. 6.1 that, with broken legume cells, starch and protein hydrolysis follows 
both the general first order and LOS model kinetics (Fig. A5). Based on the first-order fitting, the 
mechanism of enzyme action on intact and broken legumes can be differentiated. In intact cells, the 
barrier provided by the cellular structure controls the diffusion of enzyme inside the cells and this is 
likely to be the rate-limiting step (and would not be expected to follow first-order kinetics). For the 
case of broken cells, in the absence of a physical barrier, the structural properties of starch and 
protein are likely to be the rate determinants and in this case, the digestion follows first-order 
kinetics. The structural basis for amylase digestion kinetics has been recently reviewed (Dhital et al 
2017). Likewise, in contrast to intact cells (Fig. 6.1a) where the hydrolysis deviated from first-order 
kinetics determined using general first order as well as LOS model (Fig A4), but similar to 
hydrolysis of broken cells (Fig. 1b), legume starch and protein hydrolysis in the presence of 
externally added cell wall components (Fig. 6.6) followed first-order kinetics (Fig. A6, A7). Whilst 
starch digestibility in binding experiments was better represented by general first order model (Fig. 
A6 a), LOS showed more appropriate fit for protein digestion (Fig. A7). Similar to broken cells, for 
the case of isolated starch with added cell wall components, the structural features of starch as well 
as non-specific binding of enzymes to the fibre components are the limiting steps. Along with 
binding of amylase to cell wall components, the rate of starch hydrolysis is also affected by non-
specific binding of amylase to proteins as has been reported for wheat endosperm in Chapter 4. 
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As shown in Fig. 6.2, the processing of isolated legume cells in the DIVRSD model was unable to 
rupture the cell wall even after 120 min of digestion. However, using the same model, (Wu et al. 
2014)
 
reported reduction in particle size of uncooked rice from 19.38% to 4.42% in large rice (d > 
0.85 mm) and to 80.21% from 62.04% in small rice particles (d < 0.60 mm). The disintegration of 
particles of rice increased the surface area which was proportional to the increased maltose 
concentration following amylase digestion (Wu et al. 2014). However, the intact cells used in this 
study have typical dimensions of 120 × 50 μm which is an order of magnitude smaller than rice 
particles. This is consistent with a greater susceptibility to breakage of larger rice particles due to 
the greater torque imposed by the same mixing conditions, as well as the lack of inter-cellular fault 
lines in single cells compared with multi-cellular tissues like rice particles.  
It is noted that the force (3.5N) applied in the DIVRSD model (Wu et al. 2017) is more than what is 
reported for the human intestine (0.65N, 11 contractions/min) (Ehrlein & Schemann 2005; Marciani 
et al. 2001). Based on this analogy, we can hypothesise that the retention of plant cell integrity 
found in this study also applies to humans and other monogastric animals. However, further 
experiments are needed to test this hypothesis. Whilst the legume cells are apparently intact under 
confocal microscopy, a slow and steady rise in glucose and soluble peptides, in very minor 
amounts, is obtained when treated with salivary, gastric and pancreatic juice containing amylolytic 
and proteolytic enzymes (Fig. 6.1). Although this may reflect very limited penetration of some cells 
by enzymes, it is also possible that some starch and protein might have stuck to the outside of 
legume cells during the isolation process. The overwhelming evidence is that intact cellular 
structure provides an effective barrier to enzyme hydrolysis of starch and protein under DIVRSD 
conditions. This is reflected in the hydrolysis curve obtained from broken legumes cell in the 
DIVRSD model (Fig 6.1), where starch and protein hydrolysis increased by almost 20 times when 
the physical barrier was damaged. In addition, in intact cells, the binding of amylase to cell walls 
and the presence of protein can protect the starch from hydrolysis. This is evident in Fig. 6.1 where 
a lag phase of up to 30 minutes was observed for starch hydrolysis but protein hydrolysis was 
continuous without any lag phase.  
The percentage hydrolysis of starch and protein in completely broken legume cell preparations is 
still below 50% after 120 min, which is however lower than  the previous finding (Dhital et al. 
2016), where starch hydrolysis for broken mung bean, pea, chickpea and red kidney beans were 
reported to be 74%, 69%, 68% and 64% respectively. The higher hydrolysis in the in vitro static 
system (Dhital et al. 2016) compared to the dynamic (DIVRSD) model is most likely due to the 
effect of more intense mixing of the contents in the static system (static refers to the lack of transfer 
of contents to the next digestive stage, not a lack of agitation), as mixing speed can control the rate 
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of enzymic hydrolysis of starch (Dhital, Dolan et al. 2014). Hydrolysis rate also depends on the 
botanical origin; for instance red kidney bean is the most resistant and mung bean the most 
susceptible of the samples in this study. This might be due to a combined effect of starch properties 
and cell wall encapsulation. It is seen in Fig. 6.3 that the highly susceptible mung bean cells are 
degraded to a greater extent than the less susceptible red kidney bean. The further degradation of 
cells walls during processing in the DIVRSD model was observed for mung bean but was not 
clearly evident for red kidney bean. A further explanation for the higher enzyme susceptibility of 
mung bean starch in broken cells is the degree of residual order of starch cooked inside the cells as 
monitored by observing the birefringence as well as by the melting enthalpy from differential 
scanning calorimetry. It was found that the starch molecular order in mung bean isolated cells was 
comparatively lower than that of red kidney bean even though they were processed similarly (Dhital 
et al. 2016). The structure (strength/thickness) and composition of cell wall materials could also 
affect the diffusion of water leading to destruction of molecular order and requires further 
investigation.  
Apart from the cellular structure of legumes and incompletely gelatinised starch leading to lower 
enzyme susceptibility, the non-catalytic binding of digestive enzymes to cell wall components could 
also be important in reducing the rate and extent of starch hydrolysis. As seen in Fig. 6.6, when 
FITC labelled alpha-amylase was incubated with intact legume cells, the enzyme was 
predominantly localised on the outer surface of cells i.e. on the cell wall components, suggesting the 
binding of enzyme as recently demonstrated for cellulose and wheat bran (Dhital, Gidley & Warren 
2015). The bound enzyme will thus be unavailable for catalytic activity. When the labelled enzyme 
was incubated with broken cells, as seen in Fig.6.6, the enzymes were found to be adhered to both 
cell wall fragments and starch, suggesting a competitive behaviour of fibre and starch towards 
binding of enzymes. This is further illustrated in Fig. 6.7, where the addition of isolated legume cell 
wall components (fibres) lowered the hydrolysis of both starch and protein in proportion to the 
amount of fibre. The inhibition kinetics show that the half maximal inhibitory concentration (IC50-
defined as concentration of inhibitor that reduces enzyme activity by 50%) of legumes fibre against 
amylolysis of legume starch (calculated from data shown in Fig 6.6a) is ca 1.94 mg/mL. This value 
is lower than the IC50 of 10 mg/mL (Dhital, Gidley & Warren 2015)
 
for pure cellulose, suggesting 
that intact cell walls may be more efficient than pure cellulose in binding amylase.  
The hydrolysis of entrapped starch and protein in legumes is thus affected by three distinct 
mechanisms, (i) residual molecular order in starches, (ii) intactness of cells, and (iii) binding of 
enzymes to cell wall components. In addition, interaction of starch and protein inside legume cells 
may also inhibit enzyme action. In order to address this complexity, cell wall structures were 
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removed by treating the cells with viscozyme® L. As seen in Fig. 6.8, for viscozyme® L treated 
cells, even after 120 min of enzyme treatment under mixing condition, the cell contents without cell 
walls and plasma membrane (as observed through fluorescein diacetate staining) retained an 
approximately spherical structure and did not disintegrate. This suggests structural interactions 
between macromolecules, particularly starch and protein, which could affect enzyme susceptibility 
as reported in Chapter 4. 
6.5 Conclusions 
Using an in vitro dynamic model, we observed that isolated legume cells have sufficient mechanical 
strength to survive mixing conditions in a simulated rat stomach-duodenum. The rate and extent of 
hydrolysis of starch and protein were greatly increased when the cell wall physical barrier was 
removed by either mechanical or enzymic processes. Furthermore, evidence for non-specific 
binding of α-amylase on cell walls, hindering the hydrolysis of starch was observed. Thus, the 
nutritional benefits from legumes could be enhanced by raw material selection and processing 
strategies that keep individual cellular structures intact.   
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CHAPTER 7 IN VITRO FERMENTATION OF LEGUME CELLS AND 
COMPONENTS BY PORCINE FAECAL MICROBIOTA LEADS TO 
DIVERSE OUTCOMES 
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Abstract 
Scope 
Intact legume cotyledon cell walls (CW) hinder the access of digestive enzymes and maintain the 
physical integrity of cellular structures under in vitro and in vivo conditions. This results in the 
likely transport of cellular structures from food legumes to the large intestine. However the 
subsequent colonic fermentation of intact legumes cells and related CW polymers is not well 
understood.  
Methods and results 
In vitro fermentation of intact cells, broken cells, isolated starch, and cell walls (CW) from low heat 
treated pea, and high heat treated pea and mungbean was carried out for 72h after inoculation with 
faeces from pigs fed a controlled diet. Total cumulative gas, short chain fatty acids (SCFA) and 
ammonium production, as well as alpha-amylase and protease activities during the course of 
fermentation were investigated. The rate and extent of cumulative gas production, end-products, as 
well as enzymatic activities were found to be dependent on each of cellular integrity, botanical 
origin, and thermal treatment. For each of CW and starch substrates similar fermentation behaviour 
was found across the three substrates, but three different behaviours were observed for intact and 
broken cells (intact>broken, intact~broken, intact<broken) for the three substrates. Relative acetate 
and propionate levels reflected other fermentation measures, but butyrate levels did not and were 
greatest for the least fermented cell wall substrates. 
Conclusion 
The fermentation behaviour of processed legumes containing intact or broken cells cannot be 
predicted from knowledge of the fermentation behaviour of constituent starch and cell wall 
components, and depends on both botanical origin and processing history.   
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7.1 Introduction 
Epidemiological studies, dietary interventions, meta-analyses, and metabolic studies, have shown 
that legume consumption positively impacts metabolic and colonic health (Augustin et al. 2016; 
Bazzano et al. 2001; Jenkins et al. 2012). These findings have been extensively reviewed (Clemente 
& Olias 2017; Higgins 2011; Sievenpiper et al. 2009). One of the nutritional benefits of legume 
consumption is its association with a lower glycaemic response, which can be attributed to the 
strong cellular network formed by the cotyledon cell walls (CW) encapsulating starches (and 
proteins). Isolated cells from cooked legumes resisted mechanical mixing forces when studied with 
a dynamic in vitro digestion model, and the cells are mostly impervious to digestive enzymes, 
thereby preventing the hydrolysis of entrapped starch and protein macronutrients (Bhattarai et al. 
2017; Dhital et al. 2016). This provides a rationale for findings from in vivo studies, with intact 
legume cells observed in human ileostomy effluents (Noah et al. 1998), and at the terminal ileum of 
rats (Tovar, Björck & Asp 1992). These studies indicate that legume cells are sufficiently 
impervious to digestive enzymes, as well as the mechanical forces in the stomach and small 
intestine, to pass into the large intestine, providing a nutrient source for the resident colonic 
microbiota when they undergo fermentation.  
Legume cotyledons (chickpea) have approximately 5% of CW polymers (dry weight basis) (Wood 
et al. 2014), which are rich in pectin (~50%) and cellulose (~15%) (Champ, Brillouet & Rouau 
1986). Cell walls in legumes are thicker than those from common food cereals and tubers, which 
have only 2-4% of CW in the endosperm and parenchyma (Stone 2006). These relatively thick 
legume CWs may also inhibit the complete swelling of starch granules during thermal treatment 
inside the cells within tissues (Edwards et al. 2015) or in isolated cells (Dhital et al. 2016), as 
observed from retention of partial granular order by differential scanning calorimetry (DSC) and 
polarised light microscopy (Dhital et al. 2016; Edwards et al. 2015). 
Fermentation of resistant starch and other dietary non-starch polysaccharides by the large intestinal 
microbiota are known to produce beneficial metabolites such as short-chain fatty acids (SCFA), 
mainly acetate, propionate, and butyrate (Topping & Clifton 2001). The type and amount of SCFA 
produced, and the fermentation rate can be somewhat substrate specific. For example, a comparison 
of masticated mango and banana, showed that the fleshy CW in both mango and banana were 
fermented to a larger extent than the resistant starch in banana, and the thick cellulosic vascular 
fibres in mango (Low et al. 2015). An in vitro fermentation of polysaccharides from four common 
beans using human faeces (Campos‐Vega et al. 2009), also showed distinctive differences. These 
studies confirm the importance of substrate physical form on fermentation, particularly in terms of 
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materials from different botanical sources. However, the effects of cellular intactness of different 
substrates on in vitro fermentability have not been reported.  
Thus, in order to understand the effects of food cellular structure on the colonic fermentation of 
legumes, an in vitro fermentation experiment using a porcine faecal inoculum, was conducted on 
substrates from pea and mungbean, with varying physical forms (intact and broken cells, isolated 
starches, and CWs), in two combinations (low 60 oC vs high 95 oC heat treated). The structural 
variation of these substrates represents the different forms of legumes (food) passing into the large 
intestine. We hypothesise that (i) freely available starches are more rapidly fermented than cell wall 
polysaccharides and (ii) in the absence of an encapsulating plant tissue matrix, polysaccharide 
structural features control microbial attachment and thus the associated fermentation characteristics.  
7.2 Methodology 
7.2.1 Preparation of fermentable substrate 
Isolation of intact and broken cells from legumes 
Locally available legume seeds, pea (P) and mungbean (MB) were treated for the isolation of intact 
cells using a hydrothermal method as previously described (Dhital et al. 2016). In brief, legume 
cotyledons were hydrated overnight in ice-chilled water and the hulls were removed manually with 
gentle hand mashing under running tap water. Heat treatment of dehulled legumes was carried out 
at 60 
o
C (low heat treated referred to as LHT hereafter) and 95 
o
C (high heat treated referred to as 
HHT hereafter) for 1 h, representing temperatures below and above the starch gelatinisation 
temperature. Heated dehulled legumes were then mashed gently in a mortar and pestle and 
separated using sieves of varying apertures. The fractions retained on a 53 µm sieve after passing a 
150 μm sieve were collected as intact cells, as confirmed through light microscopy. For the 
preparation of broken cells, isolated intact cells were deliberately damaged by applying a shear 
mixing force using magnetic stirrer bars at 1400 rpm overnight at room temperature. Both the intact 
and broken cells in water were then stored in a 125 mL serum bottle, in an atmosphere of carbon 
dioxide (CO2). Daily, the samples were flushed with CO2, and the prepared substrates stored at 4 
o
C 
for a maximum of three days prior to fermentation.   
Preparation of starch fractions and cell wall components 
Starch and CW were obtained from the isolated intact cells. Firstly, intact cells were broken (as 
described above) and sieved through a stack of sieves of 180, 150 and 32 µm under running tap 
water. Material passing through the 32 µm sieve was collected as the starch-rich fraction, while 
those retained between 32-150 µm contained the CW. The collected starch-rich fraction was 
centrifuged (3000 × g for 5 min), and the ―creamy‖ loose protein layer above the white starch paste 
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was manually removed with a stainless steel metal spatula. The starch-rich fraction was mixed 
again with water, centrifuged and the remaining protein removed. This process was repeated four 
times. The fraction retained on the 32 µm sieve was hand-mashed five times, and sieved under 
running tap-water to remove the adhered starch and proteins, to obtain the CW fraction. The purity 
of the isolated fractions was confirmed by light microscopy. The isolated fractions in water were 
then collected in 125 mL serum bottles, and preserved by daily flushing with CO2, with storage at 4 
o
C for a maximum of three days prior to fermentation. 
7.2.2 Chemical composition of substrates 
All substrate fractions were analysed for their total dry matter, ash, total starch and protein contents 
using standard analytical methods. The dry matter was determined using oven-drying at 95 
o
C under 
vacuum to constant weight (AOAC International 2012). This dry material was then ashed at 500 
o
C 
for 6 h (AOAC International 2012) to determine the total ash (%). The total starch content in the 
intact cells and isolated starches were determined using a total starch assay kit (K-TSTA, 
Megazyme, Bray, Ireland), following the manufacturer‘s instructions, where the intact cells were 
damaged overnight using magnetic stirrer bars as reported in 7.2.1 and previously (Dhital et al. 
2016). This breaking step was necessary to avoid underestimation of total starch content due to 
presence of intact cell walls that limit both the complete gelatinisation of starch as well as access of 
the enzymes during total starch determination. The total protein content in the intact cells as well as 
isolated starch fractions were analysed by Dumas method (Saint-Denis & Goupy 2004) using a 
LECO TruSpec analyser and calculated employing a conversion factor of 6.25. 
7.2.3 Faecal inoculum preparation 
Preparation of the porcine faecal inoculum was carried out as previously described (Mikkelsen, 
Gidley & Williams 2011). Briefly, faeces was collected from five Large White grower male pigs, 
between 50 and 60 kg in weight, fed a semi-purified diet based on highly digestible corn starch and 
fishmeal. This diet was formulated to be as free as possible of potentially fermentable carbohydrates 
(including legumes), to avoid any adaptation of the faecal bacteria to any of the test substrates. All 
animal handling procedures were approved by the University of Queensland Animal Ethics 
Committee (SAFS/111/13/ARC). Faeces were collected from each animal, per rectum with a gloved 
finger, immediately pooled into a pre-warmed vacuum flask previously flushed with CO2 and 
transported to the laboratory (within 1 h). It was then diluted 1:5 with pre-warmed (39 °C) sterile 
saline (0.9% NaCl). This mixture was homogenised with a hand-held blender for 60 s and filtered 
through four layers of muslin cloth. Throughout this process, a constant stream of CO2 was 
maintained.  
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7.2.4 In vitro fermentation 
In vitro fermentation was carried out at 39 °C for up to 72 h, as described by Williams et al. (2005). 
The dry matter contents and ash were determined for all substrates used in this experiment as the 
different substrate forms, discussed in section 7.2.1 varied in their moisture contents. For each 
substrate, the wet weight required to obtain approximately 0.5 g of dry substrate material was 
calculated. This amount of wet substrate material was then weighed directly into the 125 mL serum 
bottles, into which 76 mL of anaerobically-prepared basal fermentation medium was added. 
Thereafter, 1 mL of vitamin/phosphate buffer solution, 4 mL of bicarbonate buffer solution and 1 
mL of reducing agent were added (Appendix A8, Table A8.1). These bottles were initially stored 
overnight at room temperature, but were then pre-warmed to 39 °C prior to inoculation with the 
faecal slurry. This was carried out to ensure that an identical temperature and starting time point 
was achieved during the inoculation process. In vitro fermentation was carried out by using the 
automated gas recording system (AGRS) (AGRS-III designed College of Animal Science and 
Technology, China Agricultural University) with individual four compartments automated to record 
directly, the head-space pressure and gas volume (Yang et al. 2014), as a result of fermentation. The 
detailed description of AGRS is presented in Chapter 3, Section 3.2.6.  
In addition to the AGRS method, two further replicate bottles per substrate and time removal 
interval were incubated separately. At each sampling time point (0, 6, 9, 12, 20, 28, 36, 48 and 72 
h), the replicate serum bottles were placed immediately in an ice slurry for a minimum of 20 min. 
Supernatant was retrieved for ammonia, SCFA analyses and amylase/protease activities followed by 
pH measurements for each bottles. After centrifugation, supernatant was collected for NMR while 
residue was sampled for confocal microscopy and NMR studies. All the collected samples were 
instantly transported into -20 °C freezer for storage. The detailed description for sampling protocol 
is discussed in the following sub-section.  
Sampling protocol for supernatants and residues 
Post-fermentation and cooling, serum bottles were opened gently to minimise shaking of the 
contents. Then, exactly 3 mL of supernatant was sampled, each for SCFA and NH4
+
, and added into 
the respective tubes containing either protein precipitant (20% metaphosphoric acid; 0.75 mL), or 
0.2 M HCl (3 mL) respectively. After mixing, triplicate aliquots were made for the SCFA samples, 
and both SCFA and NH4
+
 sample aliquots were stored at -80 
o
C until analysis. For amylase and 
protease assays, supernatant (1 mL) devoid of particulates was sampled in duplicate, snap-frozen 
with liquid nitrogen and stored at -20 °C. The pH was recorded for the remaining fermentation 
solution, using a pH cube (TPS, Australia) and probe (Ionode IJ44C, Australia), which was further 
centrifuged at 4000 g for 10 min at 4 °C. The supernatant was collected separately into 70 mL 
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containers. The residue was resuspended into 5 mL supernatant and pipetted into two labelled 
Eppendorf tubes for light microscopy and stored at -20 °C. 
7.2.5 Post-fermentation analyses 
SCFA and ammonium 
SCFA concentration in post-fermented sample supernatants was analysed as per the method of 
Vreman et al. (1978) with slight modifications. A GC-FID system (Hewlett-Packard PH 6890 GC) 
with a DB-FFAP capillary column (30 x 0.5 mm) was used, along with helium as the carrier gas 
with a flow rate of 5.3 mL/min, and an injection volume of 0.5 μL. The SCFA internal standard 
used comprised of acetic acid (52.51 mM), propionic acid (13.4 mM), iso-butyric acid (1.07 mM), 
n-butyric acid (5.45 mM), iso-valeric acid (0.91 mM), n-valeric acid (0.92 mM), n-caproic acid 
(0.16 mM) and heptanoic acid (0.15 mM) (Sigma-Aldrich, Australia). Furthermore, as an indicator 
of protein to carbohydrate fermentation for each sample, the branched-chain ratio (BCR) was 
calculated as the ratio between the branched-chain fatty acids including iso-butyric, iso-valeric and 
valeric acids, with the straight-chain fatty acids including acetic, propionic acid and butyric acids. 
All results were recorded as mmol/g DM, incorporating the dilution factor as well as the DM 
results. 
Ammonium present in the post-fermentation liquid samples was quantified using a modification of 
a colorimetric method (Baethgen & Alley 1989). Briefly, stored samples were thawed, vortexed and 
centrifuged to obtain a clear supernatant. Thereafter, the sample absorbance was measured at 650 
nm on a UV-VIS spectrophotometer (Olympus AU400, Tokyo, Japan), to detect the chemical 
product which results from the reaction between ammonium ions with sodium salicylate and 
nitroprusside in a weak alkaline buffer. The results were reported as mmol/g DM, taking in 
consideration the dilution factor as well as the DM results. 
Amylase/protease activities during fermentation 
The changes in amylase activity during fermentation of different legume fractions was carried out 
using the amylase activity colorimetric assay kit (BioVision, USA), following manufacturer‘s 
instructions, and expressed as nmol/min/mL using a nitrophenol standard. Likewise, changes in 
protease activity were determined using the azocasein digestion assay (Benitez, Silva & Finkelstein 
2001; Coêlho et al. 2016), with modifications as follows. Briefly, 100 µL of azocasein (5 mg/mL) 
in 100 mM Tris (T1503 Sigma, pH 8.0) was incubated (30 min at 37°C) with 100 µL of post-
fermentation supernatant. The reaction was stopped by the addition of 5% trichloroacetic acid 
(TCA; 750 µL). After centrifugation (2000 × g, 10 min), the TCA supernatant was added to 0.5 N 
NaOH using a 1:1 (v/v) ratio, and the optical density was determined at 440 nm (OD440). The 
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blank was obtained by mixing the TCA with the substrate prior to the enzyme addition. One 
proteolytic unit was defined as the amount of the enzyme that released 1 µg of tyrosine per min, at 
37 °C, pH 8.0. A L-tyrosine standard curve was used to calculate enzyme activity using 10 to 150 
mg/mL tyrosine in 100 mM Tris (pH 8.0). 
Microscopic observations  
Microscopy of isolated legume cells during fermentation (0, 6, 12 and 72 h) was carried out using a 
Confocal Laser Scanning Microscope (LSM700, Carl Zeiss, Germany) under 10× objective lens, 
differential interference contrast (DIC) and Zen (Black) 2011 software. The microscopy samples 
examined were recovered after 0 (control), 6, 12 and 72 h based on gas kinetics, SCFA and 
ammonium results, to monitor structural changes during fermentation.  
7.2.6 Statistical analysis 
Statistical analyses were performed using the SAS (9.3) NLIN (curve fitting) and GLM (significant 
differences) procedures. 
7.3 Results and Discussion 
This study investigated the effect of structural and botanical variations of legumes on fermentation 
end-products, as well as amylase and protease activities during fermentation. Whilst colonic 
fermentation is a complex process affected by a number of factors, the present results demonstrated 
that both the origin and processing treatments determined the rate of fermentation, and subsequently 
the production of metabolites. The low heat treated mungbeans (LHT-MB) was excluded as 
mungbeans are not habitually consumed in this form, whereas peas are consumed in raw, partially 
heat treated or fully cooked forms.  
7.3.1 Chemical composition of the isolated legume fractions 
The characteristics of the different legume fractions are presented in Table 7.1.  
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Table 7.1. Composition of different fermentable substrates 
 
Substrate 
No. Substrate Source Abbreviation DM  
Ash 
(%)  
Total 
starch 
(%, db) 
Total 
protein 
(%, db) 
1 Intact cells HHT pea  PC-Intct 27.65 0.08 64.39 22.38 
2 Broken cells HHT pea  PC-Brc 23.69 0.02 -   - 
3 
Isolated cell 
walls HHT pea  PC-ICW 19.53 0.01  -  - 
4 Isolated starch HHT pea  PC-St 20.04 0.03 94.44 1.12 
5 Intact cells LHT pea  PR-Intct 25.35 0.04 62.47 20.72 
6 Broken cells LHT pea  PR-Brc 22.16 0.02  - -  
7 
Isolated cell 
walls LHT pea  PR-ICW 19.50 0.03  - -  
8 Isolated starch LHT pea  PR-St 23.83 0.04 91.22 0.97 
9 Intact cells 
HHT 
mungbean  MB-Intct 22.42 0.06 60.84 25.70 
10 Broken cells 
HHT 
mungbean  MB-Brc 22.38 0.02  -  - 
11 
Isolated cell 
walls 
HHT 
mungbean  MB-ICW 19.58 0.02  -  - 
12 Isolated starch 
HHT 
mungbean  MB-St 21.21 0.03 92.92 1.15 
Note: All values are the means of duplicates. DM represents - dry matter, db - dry basis, HHT – 
high heat treated (95 °C), LHT – low heat treated (60 °C). Broken cells contain the same starch and 
protein as the corresponding intact cells, and were not assayed separately. 
The dry matter (DM) in the legume fractions was in the range of 20 to 27%, while ash content was 
lower than 1%.  The total starch/protein values for intact and broken cells were assumed to be the 
same because the broken cells were obtained exclusively from the breakage of intact cells inside a 
closed falcon tube and hence a separate analysis was not performed. The total starch content for 
intact cells and isolated starch fractions varied from 60 to 64% and 91 to 94% dry basis 
respectively. The total protein in intact fractions ranged from 20 to 26% dry basis. Isolated cell 
walls were comparatively pure, as confirmed by light microscopy as well as through total starch and 
protein analyses. The analysis showed low but measurable protein content in isolated starch of ca 
1% dry basis (Table 7.1). The calculations (not shown here) were also made for the amount of 
amino acids in the medium. The basal fermentation medium consisted of 0.27 mg/mL of amino 
acids. Additionally, protein from the substrates in the medium amounted to 1.36, 1.47, 1.69 mg/mL 
from intact/broken cells and 0.064, 0.073, 0.076 mg/mL from starch respectively for LHT pea and 
HHT pea/mungbean. 
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7.3.2 Fermentation kinetics and microscopic observations of isolated legume fractions 
A summary of the fermentation kinetic parameters showing differences within the two main factors, 
legume substrate and individual legume fractions is presented in Appendix A9. 
The cumulative gas production profiles (DMCV) for the different fractions are presented in Fig. 7.1. 
It is observed that isolated starch and cell wall fractions are fermented similarly for all three legume 
types, although high heat treated (HHT) pea starch generated less gas than low heat treated (LHT) 
pea isolated starch. Christian et al reported similar fermentation rates between raw and cooked 
starch, and in some cases, raw starch was fermented at a higher rate than cooked starch using faeces 
from young children (Christian et al. 2003). The reason for higher gas production from LHT pea 
starch could be due to its structural characteristics. The smooth surface of LHT pea starch might 
have prevented easy penetration by faecal bacteria, resulting in accumulation and proliferation of 
bacteria on the outside of granules, consistent with the initial lag phase as observed in Fig. 7.1a. 
With sufficient bacterial load on the granule surface, starch is subsequently rapidly fermented as 
indicated by the sharp rise in gas production between 12 and 18h (Fig. 7.1a). The fermentation of 
starch was observed to be a very heterogeneous process (Fig 7.2). The granules were apparently 
selectively degraded by microorganisms, with a few intact granules observed even after 72 h of 
fermentation. The accumulation of microbial mass around starch granules up to 12 h of 
fermentation with almost all substrate disappearance at 72 h is evident in confocal microscopy 
images (Fig. 7.2).  
In contrast to the similar behaviour of the ‗simple‘ substrates of isolated starch and CWs, neither 
broken nor intact cell systems show similar fermentation across the three legume types (Fig 7.1). 
This suggests that intact/broken cells behave differently between three legume substrates, reflecting 
a diversity of behaviour for these ‗complex‘ substrates compared with the ‗simple‘ starch and CW 
substrates.  
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Fig. 7.1. Comparison of cumulative gas production profiles for each isolated fractions where, low 
heat treated pea, b) high heat treated pea and c) high heat treated mungbean.  
For low heat (60 
o
C) treated pea, broken cells are fermented more rapidly (reduced lag phase) than 
intact cells as observed by gas kinetics (Fig. 7.1). The degradation of substrate, based on the visual 
observation of broken cells (Fig. 7.3) is between that of isolated starch (Fig. 7.2) and CW, with 
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intact cells (Fig. 7.4) similar to isolated CW (Fig. 7.5), consistent with gas kinetics (Fig. 7.1). This 
could be considered the expected behaviour if cell wall fermentation was rate-limiting for intact 
cells. In support of this hypothesis, CW degradation is relatively slower than starch degradation as 
indicated by the presence of unfermented CW residues (but not free starch) even after 72 h (Fig. 
7.3, 7.4). The CW in intact cells which are intact at 0 h, are opened up due to partial fermentation 
(Fig. 7.4, 6 h as indicated by arrow) by microbiota. We propose that fermentation-induced porosity 
in CW facilitates the access and attachment of amylolytic and proteolytic bacteria to starch and 
proteins inside previously intact cells.   
For high heat (95 
o
C) treated pea, the gas kinetics (Fig. 7.1b) as well as confocal images revealed 
that intact cells (Fig. 7.6), broken cells (Fig. 7.7) and isolated starch (Fig. 7.8) behave similarly and 
are fermented faster / more completely than isolated cell walls (Fig. 7.9). This suggests that the 95 
o
C treated cell walls in intact cells may not hinder the fermentation of the encapsulated starch in 
contrast to 60 
o
C treated intact cells (Fig.  7.1a). The effect of this cooking on cell wall porosity and 
the ingress of microorganisms as well as enzymes needs further investigation. The confocal 
microscopic images of 95 
o
C treated pea intact cells (Fig. 7.6) and isolated CW (Fig. 7.9) also 
support this hypothesis, with most of the 95 
o
C intact cells and the CW fermented at the end of 
fermentation time (72 h) with less residues remaining, in contrast to 60 
o
C treated intact cells (Fig. 
7.4).  
For high heat (95 
o
C) treated mungbean (Fig 7.1c), intact cells (Fig. 7.10) were fermented similarly 
to intact starch (Fig. 7.11), but faster and more extensively than either broken cells (Fig. 7.12) or 
isolated CW (Fig. 7.13). The similar fermentation of intact cells and isolated starch mirrors the 
behaviour of peas treated at the same temperature (Fig 7.1b), adding further support to the 
hypothesis that 95 
o
C treated cell walls do not provide as much of a barrier for fermentation as 60 
o
C treated intact cells. However, the broken mungbean cells (Fig. 7.12) are very slowly fermented 
(Fig 7.1c), which is in contrast with both pea samples. It is possible that this is due to complexation 
of starch with protein forming a solid mass after cells are mechanically disrupted in mungbean but 
not pea. Microscopic images of broken mungbean cells show the presence of apparently dense 
structures containing starch and other components (Fig. 7.12), as opposed to discrete starch granules 
in pea (Fig 7.7). 
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Fig. 7.2. Microscopic images of low heat treated pea starch (LHT-P-St) isolated from intact cells at 
60 °C at 0, 6, 12 and 72 h of fermentation time. A microbial mass accumulates around the starch 
granules as evident in 6 h fermentation shown by arrows. With increase in fermentation time to 12 
h, some intact starch is still evident. At the end of fermentation (72 h), only very few starch 
granules remain intact. 
 
 
 
 
 
LHT-P-St 12 h LHT-P-St 72 h 
LHT-P-St 0 h 
LHT-P-St 6 h 
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Fig. 7.3. Microscopic images for low heat treated broken pea cells (LHT-P-Brc) isolated at 60 °C 
after 0, 6, 12 and 72 h of fermentation time. Once broken, the starch as well as at least some cell 
walls (stained blue) are fermented with the retention of only a few solid particulates at the end of 72 
h. 
 
 
 
 
 
LHT-P-Brc 0 h LHT-P-Brc 6 h 
LHT-P-Brc 12 h LHT-P-Brc 72 h 
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Fig. 7.4. Microscopic images for low heat treated pea intact cells (LHT-P-Int) isolated at 60 °C 
fermented for 0, 6, 12 and 72 h. Fermentation of starch in intact cells is slower due to physical 
entrapment inside the CW. The CW in intact cells are invaded by bacteria as evident by broken 
cellular structure (6 h, arrow) as opposed to an intact structure (0 h). Some residues of intact cells 
are still visible even at the end of fermentation (72 h). 
 
 
 
 
 
LHT-P-Int 0 h LHT-P-Int 6 h 
LHT-P-Int 12 h LHT-P-Int 72 h 
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Fig. 7.5. Microscopic images for low heat treated pea CW (LHT-P-ICW) fractions isolated at 60 °C 
fermented for 0, 6, 12 and 72 h. Fermentation of CW is indicated by gradual erosion of structures at 
6 h, which increased at 12 h. Only a few residues of CW are visible at the end of fermentation (72 
h).  
 
 
 
 
 
 
LHT-P-ICW 0 h LHT-P-ICW 6 h 
LHT-P-ICW 12 h LHT-P-ICW 72 h 
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Fig. 7.6. Microscopic images for high heat treated pea intact (HHT-P-Int) fractions isolated at 95 °C 
fermented for 0, 6, 12 and 72 h. Fermentation of starch in intact cells is slow due to physical 
entrapment inside the CW. Very few residues of intact cells are still visible at the end of 
fermentation (72 h).   
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Fig. 7.7. Microscopic images for high heat treated pea broken cell (HHT-P-Brc) fractions isolated at 
95 °C fermented for 0, 6, 12 and 72 h. The broken cells in HHT pea are rapidly and extensively 
fermented, with very little starch visible at the end of fermentation (72 h). 
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Fig. 7.8. Microscopic images for high heat treated pea starch (HHT-P-St) fractions isolated at 95 °C 
fermented for 0, 6, 12 and 72 h. The starches in HHT pea are rapidly and apparently completely 
fermented by the end of fermentation (72 h). 
 
 
 
 
 
 
HHT-P-St 12 
h 
HHT-P-St 0 h HHT-P-St 6 h 
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Fig. 7.9. Microscopic images for high heat treated pea isolated CW (HHT-P-ICW) fractions isolated 
at 95 °C fermented for 0, 6, 12 and 72 h. Fermentation of CW (stained blue) is indicated by less 
well-defined structures at 6 h, which increased at 12 h. Some residues of CW are visible at the end 
of fermentation (72 h).  
 
 
HHT-P-ICW 12 h HHT-P-ICW 72 h 
HHT-P-ICW 0 h HHT-P-ICW 6 h 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.10. Microscopic images for high heat treated mungbean intact (HHT-MB-Int) fractions 
isolated at 95 °C fermented for 0, 6, 12 and 72 h. Cellular structures are progressively broken, with 
starch being apparently effectively fermented once cells are disrupted. Residues of cell walls and a 
few intact cells are still visible even at the end of fermentation (72 h).  
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HHT-MB-Int 0 h HHT-MB-Int 6 h 
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Fig. 7.11. Microscopic images for high heat treated mungbean starch (HHT-MB-St) fractions 
isolated at 95 °C fermented for 0, 6, 12 and 72 h. Fermentation of starch is rapid and apparently 
complete at the end of fermentation (72 h). 
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Fig. 7.12. Microscopic images for high heat treated mungbean broken cell (HHT-MB-Brc) fractions 
isolated at 95 °C fermented for 0, 6, 12 and 72 h. Fermentation of starch in broken cells is slow and 
incomplete at the end of fermentation (72 h) as evident through microscopic images. The formation 
of compact solid masses (as indicated by arrow head) of starch and protein might have slowed down 
bacterial fermentation. 
 
 
 
 
 
HHT-MB-Brc 12 h 
HHT-MB-Brc 6 h 
HHT_MB-Brc 72 h 
HHT-MB-Brc 0 h 
123 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.13. Microscopic images for high heat treated isolated CW (HHT-MB-ICW) fractions isolated 
at 95 °C fermented for 0, 6, 12 and 72 h. Fermentation of CW is indicated by more broken 
structures at 6 h, which increased at 12 h with almost complete fermentation at 72 h. No residues of 
CW are visible at the end of fermentation (72 h). 
  
MB-ICW 12 h MB-ICW 72 h 
HHT-MB-ICW 0 h MB-ICW 6 h 
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7.3.3 End-product parameters from fermentation of different legumes  
The SCFA, NH4
+
, pH, amylase and protease levels during fermentation were analysed for isolated 
fractions from the three sources of legume and are discussed below.  
Changes in total SCFA and NH4
+
 for overall legumes, fractions or removal times  
Figure 7.14 shows the changes in total SCFA and ammonium with removal times for different 
isolated fractions from the three legume samples. A more detailed table demonstrating the total 
differences in end-products, showing the major SCFAs (acetic, propionic and butyric acids) 
produced, NH4
+
, pH and branched chain ratio (BCR) values for overall legumes, isolated fractions 
and removal times is presented in the Appendix A10. 
It is evident from Fig. 7.14 that the relative SCFA levels for different forms of the three legume 
substrates match the gas production data (Fig. 7.1). With regards to total SCFA, both the isolated 
starch and CW fractions showed similar fermentation for all legume substrates, with small 
variations between low vs high heat treated peas. In contrast, intact/broken cells revealed diversity 
in SCFA product patterns, but their relative fermentability compared with isolated starch and CW is 
the same as found for gas production (Fig 7.1). Thus the generation of SCFA is dependent on both 
the processing as well as botanical origins which is in agreement with Campos‐Vega et al. (2009), 
where varying proportions of SCFA were observed for four different beans during in vitro 
fermentation. The changes in individual SCFA with removal times for different isolated fractions 
from legumes are presented in Fig. 7.14. In this study, despite the use of substrates varying in their 
structures such as intact cells, CW, isolated starches, or their mixtures (broken cells), SCFA patterns 
(acetate > propionate > butyrate) as depicted in Fig. 7.15 are similar for all fractions. This is 
consistent with the findings of Nyman et al. who demonstrated similarity in degradation of a variety 
of dietary non-starch polysaccharides in man and rat (Nyman et al. 2007). Also Barry et al. reported 
similarities in SCFA patterns following in vitro fermentation of different dietary non-starch 
polysaccharides (pectin, soyabean and sugarbeet fibres) using rat and human faecal inocula (Barry 
et al. 2007). As observed in Fig. 7.14, the relative levels of acetate and propionate production are 
correlated for all samples across the fermentation time course and reflect the relative gas production 
rates (Fig 7.1). In contrast to acetate and propionate, butyrate levels are similar for all structural 
types, and are not correlated with either acetate, propionate or gas production (Fig 7.1). 
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Fig. 7.14. Changes in total SCFA (a, b, c) and NH4
+
 (d, e, f) in mmol/g DM with removal times for 
different isolated fractions from legumes, (a, d) LHT pea, (b, e) HHT pea, (c, f) HHT mungbean. A 
higher total SCFA production was demonstrated by fermentation of isolated starch, whilst isolated 
CW showed maximum generation of NH4
+
. The peaks for initial high rates of production was 
around 20-28 h for SCFA and 12 h for NH4
+
.  
0
5
10
15
20
0 20 40 60 80
T
o
ta
l 
S
C
F
A
 m
m
o
l/
g
 D
M
 
Removal time, h 
Intact cells
Broken cells
Isolated cell walls
Isolated starch
a 
0
5
10
15
20
0 20 40 60 80
T
o
ta
l 
S
C
F
A
 m
m
o
l/
g
 D
M
 
Removal time, h 
Intact cells
Broken cells
Isolated cell walls
Isolated starch
b 
0
5
10
15
20
0 20 40 60 80
T
o
ta
l 
S
C
F
A
 m
m
o
l/
g
 D
M
 
Removal time, h 
Intact cells
Broken cells
Isolated cell walls
Isolated starch
c 
0
6
12
18
24
30
0 20 40 60 80
N
H
4
+
 m
m
o
l/
g
 D
M
 
 
Removal time, h 
Intact cells
Broken cells
Isolated cell walls
Isolated starch
0
6
12
18
24
30
0 20 40 60 80
 N
H
4
+
 m
m
o
l/
g
 D
M
 
Removal time, h 
Intact cells
Broken cells
Isolated cell walls
Isolated starch
0
6
12
18
24
30
0 20 40 60 80
N
H
4
+
 m
m
o
l/
g
 D
M
 
Removal time, h 
Intact cells
Broken cells
Isolated cell walls
Isolated starch
d 
e 
f 
126 
 
In contrast with SCFA and gas production, the time course of ammonium production is relatively 
similar for all samples (Fig. 7.14), suggesting that they may be determined largely by fermentation 
of the peptides in the fermentation medium. There is some evidence for additional effects of 
substrate fermentation rate on ammonium production, e.g. slower carbohydrate fermentation tends 
to result in more ammonium production as protein sources are used for metabolic energy. In the 
present study, ammonium levels are slightly but consistently higher for CW samples that have 
lower carbohydrate fermentation than other fractions, suggesting the generation of ammonium from 
fermentation of peptides in the medium.  
 
Fig. 7.15. Changes in individual SCFA in mmol/g DM with removal times for different isolated 
fractions from legumes, (a, b, c) LHT pea, (d, e, f) HHT pea, (g, h, i) HHT mungbean, where LHT= 
Low heat treated, HHT= High heat treated, Int = Intact, Brc = Broken, ICW = Isolated cell walls 
and St= Isolated starch. A higher proportion of acetic followed by propionic and butyric was 
observed for each legume types. The production of acetic and propionic acids was most favoured 
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with isolated starch while fermentation of isolated cell walls gives a slightly higher amount of 
butyric acid. 
Changes in amylase and protease activities  
The changes in amylase and protease activities for individual isolated fractions with respect to 
fermentation times are shown in Fig. 16 (Appendix A11). Essentially, both enzyme activities 
showed two phases –an initial sharp rise to a peak followed by a slow drop (Fig. 16). 
Significant differences in amylase activities are observed for legumes fractions, with highest 
average activity for isolated starch (10.87 nmol/mL/min), followed by intact cells (9.90 
nmol/mL/min), broken cells (8.74 nmol/mL/min) and the least for isolated CW (3.98 
nmol/mL/min). Higher amylase activity in starch-containing substrates (all except CW) shows the 
response of the microbiota to the presence of the polysaccharide substrate (Cotta 1988; Flint et al. 
2012) and is in line with the gas kinetics (Fig.1) and total SCFA production (Fig. 7.14). Of 
particular note is the lower amylase activity for mungbean broken cells, which matches the gas 
production and SCFA time courses, and adds further evidence for the agglomeration of starch and 
protein in broken mungbean cells limiting accessibility for fermentation. 
For protease activities, significantly greater activity was obtained for the two protein-containing 
substrates - intact cells (15.43 mmol/mL/min) and broken cells (15.60 mmol/mL/min) compared to 
CW (14.41 mmol/mL/min) and isolated starch (14.87 mmol/mL/min). The small variation in 
protease activity amongst the fractions, however, could be due to the consistent availability of 
peptides in the fermentation medium as opposed to the proteins from the substrates. Even though 
the fermentation medium is further enriched with a ca 5 times (Section 7.3.1) higher amount of 
substrate protein in the case of intact/broken cells, the protease activity (and ammonium) levels are 
not greatly enhanced, consistent with the bacteria preferentially utilising the peptides in the basal 
fermentation medium rather than substrate proteins. 
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Fig. 7.16. Changes in amylase (a, b, c) and protease (d, e, f) activities with removal times for 
individual isolated fractions from legumes: (a, d) LHT pea, (b, e) HHT pea, (c, f) HHT mung bean. 
Unlike SCFA and amylase activity, the ammonium level and protease activity for different substrate 
fractions are not correlated e.g. the lowest protease activity is noted for isolated CW from high heat 
treated pea and mungbean that showed the highest ammonium production. This shows that the level 
of protease activity is unlikely to be the limiting factor in protein fermentation, and further confirms 
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that the reason for isolated CW showing relatively high ammonium production is due to the 
relatively slow fermentation of CW compared with starch. 
7.4 Conclusions 
These results show that the fermentation with a faecal inoculum of multiple fermentable legume 
components (cell walls, starches and proteins) is not readily anticipated from an understanding of 
the relative fermentation behaviour of isolated cell walls and starches. The fermentation time course 
for each of isolated cell walls and starches was relatively similar for three legume samples as judged 
by gas production, SCFA and amylase activity levels. However three different behaviours for intact 
and broken cells were apparent from the same measures. For 60 
o
C treated pea cells, the 
hypothesised behaviour of faster fermentation for broken compared with intact cells was observed. 
However, for 95 
o
C treated pea cells, there was little difference between the fermentation of broken 
and intact cells, suggesting that the extra heat treatment had caused sufficient additional porosity in 
cell walls to facilitate ingress of bacteria. In contrast, 95 
o
C treated mungbean cells showed faster 
fermentation for intact than broken cells, which was proposed to be due to the formation of a 
starch/protein agglomerate during breakage of the cells.  It was interesting to observe highest 
butyrate levels with slowly fermented cell walls, which was not observed for acetate and propionate 
production. There was little difference between substrates in terms of ammonium production and 
protease activity, even though intact and broken cell samples contained protein. This suggested that 
protein fermentation originated more from the fermentation media than from the legume substrates 
in this experiment.  
 
  
CHAPTER 8 CONCLUSIONS AND RECOMMENDATIONS 
Plant foods with intact structures are known to have numerous nutritional and health benefits. These 
benefits arises from a combination of mechanisms including modulation of rheological behaviour 
within the digestive tract as well as hindering the access of digestive enzymes inside cells 
preventing the hydrolysis of entrapped macronutrients such as starch, protein and lipids. 
The health effects of food structure, however, depend on both individual cells entrapping 
macronutrients (starch, protein and lipids) as well as interactions among the macromolecules within 
the cells. Thus, without a thorough understanding of structural complexity in plant-based foods 
(cereals and legumes), the enzymic susceptibility of individual macronutrients in plant foods cannot 
be fully addressed. The aims of this study were therefore to investigate a) the isolation of intact 
isolated individual cells as components of tissue/plant food structures, b) the effective barrier of 
intact cells to the access of digestive enzymes, c) their integrity under gastro-intestinal 
biomechanical conditions using an in vitro stomach-duodenal model, d) interactions among the 
macronutrients, and e) colonic fermentability of the enzyme resistant fractions. Together these 
approaches enable us to understand the influence of food structure on macronutrient digestibility 
and functionality at both molecular and cellular levels. 
Wheat flour is taken as a simple model food to illustrate the effects of interactions of macronutrients 
on enzymic susceptibility. Wheat flour consists of several binary interactions namely starch-protein, 
starch-lipids and protein-lipids interactions as well as the ternary interactions of these 
macronutrients. Among these, we found that the starch-gluten interactions in wheat flour is more 
effective in attenuating in vitro amylase digestion compared to mixing gluten and starch in a similar 
proportion as that of wheat flour. Conversely, removal of starch granule surface proteins enhanced 
starch granule hydrolysis. The direct evidence for amylase binding not only to starch granules, but 
also to gluten and starch-surface proteins as a mechanism behind reduced digestibility has been 
confirmed by confocal microscopy using labelled enzyme. 
Apart from component interactions, the consequences of salivary amylase and gastric pepsin on 
digestion and integrity of the natural matrix are important when food passes through oro-gastric 
conditions. Although, α-amylase activity was severely degraded at pH below 2, significant activity 
was retained at pH 3 and above contributing towards the hydrolysis of starch in gastric pH 
conditions. This suggests that salivary amylase, can have a significant contribution towards 
hydrolysing starch in both the stomach and the small intestine. It is observed that the extent of 
macronutrients hydrolysis in simulated intestinal digestion is significantly increased when the 
natural matrix is disrupted under stomach conditions by the combined action of amylase and pepsin. 
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However, the role of salivary amylase from humans under in vivo conditions needs to be addressed. 
Furthermore, inhibition of specific enzymes present in the pancreatin demonstrated that the 
presence of an intact macronutrient in the digestion system hindered the rate and extent of 
hydrolysis of other macronutrients. The most abundant food component (e.g. starch) in the model 
food system showed the greatest effect on attenuating the hydrolysis of other components. Since the 
study was done on raw flour, it is recommended to further study the effects of cooking and food 
product form on enzyme digestibility and then link this to the glycaemic response in the human 
body. 
Along with the macronutrients interactions at the molecular level, the interactions of cell wall 
polysaccharides with digestive enzymes at the cellular level were also confirmed using cereals and 
legumes as model food systems. Intact cell rich fractions in cereals were isolated using dry milling-
wet sieving techniques whilst hydro-thermal processing without use of chemicals, solvents or 
enzymes was used for isolating intact cells from legumes. The role of intact cell walls in providing 
an effective barrier to the penetration of digestive enzymes is a major mechanism behind reduced 
starch and protein digestibility in cereals and legumes. Based on in vitro studies, we can conclude 
that the foods prepared with intact cellular structures could potentially enhance the functional 
attributes and contribute to healthful effects. However the degree of retention of intactness during 
food preparation as well as in the GI tract needs to be further investigated. With respect to binding 
effects, non-catalytic binding of amylase on the outer surface of cell walls as well as to broken cell 
fragments are responsible for regulating starch amylolysis. Starch-protein interactions, particularly 
in sorghum, and amylase-protein interactions in legumes further attenuated amylolysis. From the 
perspective of cell wall integrity, isolated legume cells demonstrated sufficient mechanical strength 
to survive mixing regimes in the stomach and small intestine when tested using the dynamic in vitro 
rat stomach-duodenal (DIVRSD) model. In addition, intact cell walls in both cereals and legumes 
are also effective in restricting starch gelatinisation during cooking, leading to reduced digestibility. 
The study suggests that the preservation of intactness of plant cells could be a viable approach to 
achieve the higher delivery of dietary non-starch polysaccharides (as resistant starch) to the colon. 
The beneficial effects of fermentation of dietary non-starch polysaccharides and resistant starch in 
the colon have been well established through previous studies. In this project, we studied the effects 
of structural variation in legumes consisting of intact cells, broken cells, isolated starches and cell 
walls on in vitro microbial fermentation as a mimic of colonic conditions. The results shows that 
fermentation behavior of diverse fermentable legume components (cell walls, starches and proteins) 
is not readily predicted from an understanding of the relative fermentation behaviour of individual 
fractions (isolated cell walls and starches). The fermentation pattern in isolated cell walls and 
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starches was relatively similar for three legume samples based on gas production, SCFA and 
amylase activity levels. However three different behaviours for intact and broken cells were 
apparent from the same measures. As opposed to low heat treated (LHT) cells, better fermented was 
observed in high heat treated (HHT) ones, due to CWs offering hindrance for easy penetration by 
faecal bacteria in LHT cells. Additionally, for HHT treated mungbean intact cells showing faster 
fermentation compared to broken cells was due to the formation of a starch/protein agglomerate 
during breakage of the cells. Little difference observed between substrates in terms of ammonium 
production and protease activity, suggested that protein fermentation originated more from the 
fermentation media than from the legume substrates. Thus the study demonstrated an unexpected 
diversity in response to fermentation of different legume-derived substrates, and emphasises that 
both botanical origin and food processing conditions (temperature, mechanical treatments) should 
be expected to contribute to fermentation outcomes both in vitro and in vivo.    
In this PhD project, I demonstrated the importance as well as the mechanisms of food structure in 
attenuating the rate and extent of macronutrient hydrolysis during gastro-intestinal transit as well as 
its role in effective delivery of higher amount of dietary non-starch polysaccharides and resistant 
starch to the colon for consequent nutritional benefits arising from fermentation, using in vitro 
systems. Figure 8.1 summarises the food structures used in the present study with associated 
mechanisms related to reduced macronutrient digestibility and excursion of higher amount of 
dietary non-starch polysaccharides / resistant starch to the colon for fermentation.  
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Fig. 8.1. Potential mechanisms associated with reduced macronutrient digestibility and passage of 
higher amounts of dietary non-starch polysaccharides (DF) and resistant starch (RS) to the colon for 
fermentation. 
Whilst the work on raw wheat flour provided insights on how the enzymic susceptibility of 
individual macronutrients is affected by each of a range of interactions among constituents as well 
as interactions of enzymes with non-substrate macronutrients, the interaction of macronutrients 
during processing and cooking and their effect on metabolic response at the food level still needs to 
be addressed. In addition, there are still gaps between in vitro findings and realistic in vivo 
environments on the role of salivary amylase and starch hydrolysis under varying gastric pH. 
Hence, the actual effects under in vivo conditions using human salivary amylase remain to be 
determined. Although this study has clearly established the effect of one intact food component on 
the hydrolysis fate of the others, further work should focus on establishing the effect of two 
components on the digestion of the third one. Concerning studies at the cellular level, the current 
study has clearly demonstrated the role of cell walls as the physical barrier to digestive enzymes. 
However, studies on the porosity of cell walls and the impact of processing on nutrient release and 
bio-availability are still required. Moreover, studies on isolated cells are limited to the mechanistic 
level, hence development of novel foods from cereals and legumes with isolated cells as a major 
component and monitoring intactness of cells as well as their metabolic response using in vitro, 
animal and human models remains to be determined. Concerning dietary non-starch 
polysaccharides and gut microbiota, it is still required to understand how gut microbiota change 
with introduction of more complex and diverse food substrates (from e.g. cereals and legumes) in 
contrast to purified ingredients in the large intestine using human and animal microbial metabolism. 
Moreover, the site and adherence of bacterial species as well as the nature of degradation of 
polysaccharides (chemical transformations) needs to be addressed.  
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APPENDICES 
 
A1: First-order fits for amylase and pepsin digestion 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. A1. First-order fits of data with general first order (Al-Rabadi et al. 2009) where (a): addition 
of gluten to wheat starch, (b): Pepsin hydrolysis in wheat starch followed by amylase digestion, (c): 
binding assay of amylase to gluten/starch, (d): Pepsin hydrolysis in wheat flour followed by 
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amylase digestion, (e, f): Starch hydrolysis in wheat flour without pre-exposure (e) and with pre-
exposure (f) to α-amylase and pepsin; WS/S= wheat starch, WF= wheat Flour, E= enzyme, G= 
gluten, and 5,10, 15 and 20 denotes mg of gluten added to wheat starch; PD= protein digestion; 
SD= starch digestion; PIC= protease inhibitor cocktail; O= orlistat. 
 
A2: First-order fits for starch digestion under varying gastric pH and amylase concentration 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. A2. First-order fits of data with general first order
 
(Al-Rabadi et al. 2009) for in vitro starch 
hydrolysis under varied gastric pH and α-amylase concentration; (a). 0.5U α-amylase/mg starch, 
(b). 1U α-amylase /mg starch, (c). 3U α-amylase /mg starch, (d). 6U α-amylase /mg starch. 
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A3: First-order fits for protein and lipids hydrolysis in wheat flour 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. A3. First-order fitting of data with general first order
 
(Al-Rabadi et al. 2009) where; (a,b): 
Protein hydrolysis in wheat flour without pre-exposure (a) and with pre-exposure (b) to α-amylase 
and pepsin; (c,d): FFA released (mg/100 mg fat) in wheat flour without pre-exposure (c) and with 
pre-exposure (d) to α-amylase and pepsin; P= protein hydrolysis; FFA= free fatty acid released; A= 
acarbose; PIC= protease inhibitor cocktail. 
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A4. First-order and LOS fits for starch and protein hydrolysis in intact cells 
 
 
Fig. A4. First-order and LOS fits of data for intact cells where (a, b): starch hydrolysis, (c, d): 
protein hydrolysis; MB= mung bean, RKB= red kidney bean, CP= chickpea and P= pea.  
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A5. First-order and LOS fits for starch and protein hydrolysis in broken cells  
 
 
 
 
Fig. A5. First-order and LOS fits of data for broken cells where (a, b): starch hydrolysis, (c, d): 
protein hydrolysis; MB= mung bean, RKB= red kidney bean, CP= chickpea and P= pea.  
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A6. First-order fits for starch hydrolysis in case of binding experiments 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. A6. First-order and LOS fits of data for starch hydrolysis in binding experiments (a, b): with 
added cell wall components to starch-protein mixture at different ratios, (c): linear equation for 
solution depletion method to assay amylase activity, (d): viscozyme treated chickpea cells; E= α-
amylase, S= starch, CW= cell wall components, CP= chickpea, C= control and V= viscozyme.  
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A7. First-order and LOS fits for protein hydrolysis  
 
 
 
 
 
 
 
 
 
 
 
 
Fig.A7. First-order (a) and LOS (b) plots of data for protein hydrolysis for binding experiments 
with added cell wall components to starch-protein mixture at different ratios; MB= mung bean, 
RKB= red kidney bean, CP= chickpea and P= pea. 
 
 
 
 
 
 
 
 
 
 
y = -0.0188x - 1.2731 
R² = 0.9101 
y = -0.0211x - 1.2767 
R² = 0.8332 
y = -0.0211x - 1.2767 
R² = 0.8332 
y = -0.0198x - 1.3962 
R² = 0.9023 
-3.5
-3
-2.5
-2
-1.5
-1
-0.5
0
0 30 60 90 120 150
L
O
S
 
Time (min) 
C
S+CW 1:0.5
S+CW 1:1
S+CW 1:2
b 
y = -0.0015x - 0.1072 
R² = 0.9592 
y = -0.0014x - 0.1058 
R² = 0.9673 
y = -0.0013x - 0.106 
R² = 0.9498 
y = -0.0012x - 0.1057 
R² = 0.9608 
-0.26
-0.24
-0.22
-0.2
-0.18
-0.16
-0.14
-0.12
-0.1
0 50 100
L
n
 (
1
-C
t/
1
0
0
) 
Time, min 
C
S+CW 1:0.5
S+CW 1:1
S+CW 1:2
a 
170 
 
 
A8. Detailed recipe for vitamin/phosphate solution 
Preparation of 1 Litre of KH2PO4  
Exactly 54.7g KH2PO4 was dissolved into 800 mL of Milli-Q water while stirring at 30 
o
C. Each 
vitamins were then added in the following order (Table A8.1), allowing sufficient time to dissolve 
between each addition and volume made to 1L. Solution was left to stir for about an hour and 
dispensed into sterile bottles through a filter-sterilizer (0.2 µm syringe filter) and stored at 4 
o
C. The 
solution remains viable for about 6 months under refrigerated conditions. 
Table A8.1. Vitamins and their relative amounts 
Vitamins  mg 
Biotin 20.4 
Folic acid 20.5 
Calcium dpantothenate (DL-pantothenic acid hemicalcium salt) 164.0 
Nicotinamide 164.0 
Riboflavin 164.0 
Thiamine HCl 164.0 
Pyridoxine HCl 164.0 
Para-amino benzoic acid (4-amino benzoic acid) 20.4 
Cyanocobalamin (vitamin B12) 20.5 
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A9. Summarized means and results of analysis of variance for gas production kinetics 
according to legume and legume fractions 
 n DMCV T ½  RMAX TRMAX AGPR 
  mL H mL/h h mL/h 
Substrate       
    Pea-Raw 16 60.7
a
 9.9
a
 8.0
a
 8.8
b
 7.4
a
 
    Pea-Cooked 16 46.9
b
 11.5
a
 7.1a
b
 9.1
b
 6.4
ab
 
    Mung bean-Cooked 14 45.4
b
 19.8
a
 6.0
b
 10.0
a
 5.4
b
 
Prob  <.0001 0.2193 <0.0001 0.15 0.0023 
                  MSD  4.8 13.1 1.1 0.8 1.1 
Substrate Fraction       
    Intact cells 13 48.8
b
 12.0
ab
 4.8
c
 10.4
a
 4.5
b
 
    Broken cells 12 49.8
b
 8.6
b
 6.4
b
 7.2
c
 5.7
b
 
    Isolated CW 9 25.8
c
 25.4
a
 7.8
b
 8.8
b
 6.0
b
 
    Isolated Starch 12 74.4
a
 11.1
ab
 9.9
a
 10.4
a
 9.6
a
 
Prob  <.0001 0.1954 <0.0001 <0.0001 <0.0001 
                 MSD  5.5 15.3 1.3 1.0 1.8 
Prob- Substrate*Fraction  <.0001 0.3034 0.003 <0.0001 0.059 
 
Note:
 a,b,c,d
 Superscripts differing in the same column under the same factor indicate significant 
differences (P<0.05), DMCV = total gas produced, MSD = minimum significant difference, RMAX = 
maximum rate of fermentation, TRMAX = time for maximum rate of gas production,  AGPR = average 
gas production rate. 
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A10. Summary of mean values for legumes as a whole, legume fractions and removal times 
 Replicates 
(n) 
Acetic Propionic Butyric Total 
SCFAs 
NH4
+
 pH BCP 
  mmol/g DM   
Substrate         
Pea-Raw 80 4.25
a
 1.77
a 
0.18
a 
7.56
a 
12.67
b 
6.82
c 
0.12
a 
Pea-
Cooked 
80 4.15
a
 1.55
b 
0.20
b 
7.32
ab 
11.71
c 
6.85
a 
0.12
a 
Mung 
bean-
Cooked 
80 3.98
b
 1.56
b 
0.19
ab 
7.08
b 
13.32
a 
6.78
c 
0.12
a 
Substrate 
Fraction 
        
Intact 
cells 
60 3.98
b
 1.60
b 
0.18
c 
7.09
b 
11.28
c 
6.81
b 
0.12
b 
Broken 
cells 
60 4.11
b
 1.55
b 
0.19
bc 
7.19
b 
12.18
b 
6.83
b 
0.12
b 
Isolated 
CW 
60 3.58
c
 1.10
c 
0.20
a 
6.14
c 
14.67
a 
6.85
a 
0.15
a 
Isolated 
Starch 
60 4.84
a
 2.62
a 
0.20
ab 
8.87
a 
12.19
b 
6.78
c 
0.11
c 
Removal 
Times 
        
    0 12 1.21
f
 0.26
f 
0.02
f 
1.80
f 
6.76
f 
6.88
a 
0.07
e 
    6 24 2.39
e
 0.76
e 
0.12
e 
4.11
e 
11.04
e 
6.79
d 
0.15
ba 
    9 24 2.87
d
 0.92
e 
0.17
d 
5.01
d 
12.31
d 
6.80
cbd 
0.16
a 
    12 24 3.79
c
 1.20
d 
0.19
dc 
6.45
c 
12.45
cd 
6.83
cb 
0.14
bc 
    20 24 4.34
b
 1.63
c 
0.19
c 
7.58
b 
12.23
d 
6.80
cbd 
0.12
dc 
    28 24 4.47
b
 1.81
cb 
0.20
c 
7.90
b 
12.50
cbd 
6.83
cb 
0.11
d 
    36 24 4.65
b
 1.87
b 
0.20
bc 
8.25
b 
13.05
cb 
6.80
d 
0.11
d 
    48 24 5.34
a
 2.25
a 
0.23
ba 
9.35
a 
13.12
b 
6.81
cbd 
0.11
d 
    72 60 5.12
a
 2.31
a 
0.24
a 
9.65
a 
14.25
a 
6.83
b 
0.11
d 
Note: Values are the means of replicates. Different letters within the same column for each category 
indicates significant difference at 5% level of significance. 
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A11. Table showing distribution of amylase and protease activities for overall legume 
fractions and removal times 
 Replicates 
(n) 
Amylase activity Protease activity 
  nmol/mL/min mmol/mL/min 
Substrate fraction    
    Intact cells 60 9.90
b 
15.43
a 
    Broken cells 60 8.74
c 
15.60
a 
    Isolated CW 60 3.98
d 
14.41
b 
    Isolated Starch 60 10.87
a 
14.87
b 
Removal Times    
    0 12 3.16
g 
2.84
g 
    6 24 5.01
f 
7.95
f 
    9 24 6.48
f 
9.85
e 
    12 24 9.23
dc 
12.37
d 
    20 24 12.23
ba 
20.76
a 
    28 24 13.14
a 
20.54
a 
    36 24 10.47
bc 
19.40
b 
    48 24 8.53
de 
17.00
c 
    72 60 6.83
ef 
16.59
c 
Note: Values are the means of replicates. Different letters within the same column for each category 
indicates significant difference at 5% level of significance. 
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A12. Animal ethics approval certificate 
 
 
 
 
